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Abstract
Structural colours arise from the interaction of visible light with nano-structured materials.
The occurrence of such structures in nature has been known for over a century, but it is only
in the last few decades that the study of natural photonic structures has fully matured due to
the advances in imagining techniques and computational modelling. Even though a plethora
of different colour-producing architectures in a variety of species has been investigated, a
few significant questions are still open: how do these structures develop in living organisms?
Does disorder play a functional role in biological photonics? If so, is it possible to say that
the optical response of natural disordered photonics has been optimised under evolutionary
pressure? And, finally, can we exploit the well-adapted photonic design principles that we
observe in Nature to fabricate functional materials with optimised scattering response?
In my thesis I try to answer the questions above: I microscopically investigate in vivo
the growth of a cuticular multilayer, one of the most common colour-producing strategies in
nature, in the green beetles Gastrophysa viridula showing how the interplay between different
materials varies during the various life stages of the beetles; I further investigate two types of
disordered photonic structures and their biological role, the random array of spherical air
inclusions in the eggshells of the honeyguide Prodotiscus regulus, a species under unique
evolutionary pressure to produce blue eggs, and the anisotropic chitinous network of fibres in
the white beetle Cyphochilus, the whitest low-refractive index material; finally, inspired by
these natural designs, I fabricate and study light transport in biocompatible highly-scattering
materials.
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Chapter 1
General introduction
“Chaos was the law of nature; Order was the dream of man.”
Henry Adams, The Education of Henry Adams
1.1 Structural colours
Visible light is loosely defined as the part of the electromagnetic spectrum that spans the
range of wavelengths that are perceived as colours by the human eye [1]. Light plays an
essential biological role in the vast majority of living organisms [2]. Intra- and inter-specific
communication is based on the ability of producing and modifying colours and patterns for
camouflaging, signalling, and mating purposes [3, 4]. Even in our contemporary society
information is often colour-encoded when fast and accurate communication is required, as in
the case of traffic lights or geographical maps [5].
Most colours in nature are caused by the selective absorption of certain wavelengths by
chemicals known as pigments [6]. This phenomenon is defined as "subtractive colouration".
When white light interacts with a pigment, part of the incident spectrum is absorbed and
part is scattered: the latter is perceived as colour. Due to their versatility and availability,
pigments are widely used in industrial applications as dyes or inks [7].
However, colour can also be obtained from the interference of light rather than its
absorption [8]. Such structural colours (or physical colours), in fact, originate from the
interaction of light with materials which are structured at the same length scale of the light
wavelength. Therefore, by spatially modulating the refractive index of a material so that only
the required colours are reflected (or transmitted) it is possible to introduce constructive or
destructive interference [9].
2 General introduction
Structural colours are common in living organisms and are often distinguishable from
pigmentary colours by their metallic or iridescent appearance [10]. A common example
are peacock feathers whose shimmering appearance has mesmerised scientists for millennia
[11].
However, the interaction of light with nanostructures can also produce a matte, angularly-
independent appearance [12]. This is typically the case when the modulation of the material
is not periodic: the presence of a certain degree of disorder cancels the angular correlations
needed to produce iridescence [13].
In fact, disorder in photonic structures explain a variety of phenomena, ranging from
strong whiteness (i.e. the reflection of all colours) to anisotropic angular responses [14, 15]
and depolarisation effects [16, 17].
1.2 Investigating complex photonic structures
Understanding how a particular colouration relates to a specific structure is, in most cases,
far from trivial. A variety of imaging and analytical techniques are necessary to disentangle
the complex interplay between the various contributions.
Typically, the first step is individuating the colour-producing architecture. To achieve
this, a number of imaging techniques are used, from optical to x-ray and electron microscopy
[18]. These methods generally allows one to estimate the characteristic sizes of the structures
which determine their interaction with light.
The reflected or transmitted spectra also need to be quantified in terms of intensity as
well as their angular dependence. This can be achieved both macro- and micro-scopically by
optical spectroscopy. Reliable quantification is key for the comparison of the performance
of various materials. Furthermore, spectroscopic data can help detect the contribution of
pigmentary colours due to their characteristic "subtractive" spectrum. It is also important to
consider the vision system of the organisms involved and interpret the measured optical signal
considering the sensitivity of the organisms’ photoreceptors to the different wavelengths.
Finally, theoretical calculations and numerical experiments can further assist in correlat-
ing the spectral information with the structure. For example, it is possible to use numerical
models to predict the optical response of a given structure and compare the accuracy of the
agreement with the one measured experimentally.
Historically, periodic photonics have been the first to be explored and only recently the
attention has shifted to disordered systems [19]. This is most probably due to the higher
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complexity of random systems whose investigation requires more advanced imaging and
computational techniques [20].
1.3 Synopsis
This thesis tackles the subject of structural colour from two different ends. On one hand, it
focuses on the fundamental understanding of the evolution and development of structural
colours in biology. On the other, it investigates methods for the fabrication of photonic
materials using both natural structures as templates and scalable bottom-up approaches.
The thesis is structured as follows:
Chapter 2 lays out the theoretical background needed to understand and predict light
propagation in periodic as well as disordered systems.
Chapter 3 introduces the experimental techniques necessary to extract information about
a photonic material. The emphasis is on the imaging techniques used to map the colour-
producing architectures.
Chapter 4 reviews the most recent advances in the field of natural disordered photon-
ics. This includes a discussion of the various strategies observed in nature for producing
extraordinary optical responses.
Chapter 5 presents the first developmental study of the multilayer responsible for the
green colouration of the dock beetle Gastrophysa viridula.
Chapter 6 focuses on the study of the interplay of pigmentary and structural colouration
in avian species which are competing for the nesting resources.
Chapter 7 begins with a discussion of the evolutionary advantage of the photonic structure
observed in white beetle Cyphochilus and continues with the description of two techniques
for using such optimised architecture as a template for the fabrication of strongly scattering
materials.
Chapter 8 introduces a novel technique for the production of cellulose-based scattering
materials which are tuneable in whiteness.
Chapter 9 summarises the findings of the preceding chapters in the light of the aims of
the thesis and offers a perspective on the possible future work.

Chapter 2
Theoretical Background
To comprehend the interaction of light with matter, one needs to understand the fundamentals
of the electromagnetic field’s propagation, as described by Maxwell’s equations. In this
chapter, the theoretical framework for describing light propagation in homogeneous and
layered media will be introduced. Then, some fundamental aspects of the interaction of light
with complex (or random) media will be analysed, highlighting how these systems cannot
easily be described by Maxwell’s equations and require, instead, to be re-interpreted in terms
of the diffusion equation. Finally, the limit in which normal diffusion becomes anomalous
will be discussed in relation to light propagation.
2.1 Wave propagation in homogeneous media
2.1.1 The electromagnetic field
The whole of classical electromagnetism can be described by just four relationships, Maxwell’s
equations [21]:
∇ ·D = ρ, (2.1)
∇ ·B = 0, (2.2)
∇×E = −∂B
∂ t
, (2.3)
∇×H = J + ∂D
∂ t
. (2.4)
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These equations relate vector and scalar fields, where:
ρ is the charge density (in C/m3)
D is the electric flux density (or electric displacement, in C/m2)
B is the magnetic flux density (or magnetic induction, in Wb/m2)
E is the electric field vector (or electric field strength, in V/m)
H is the magnetic field vector (or magnetic field strength, in A/m)
J is the electric current density (in A/m2)
Maxwell’s equations can be uniquely solved only if the relationship between B and H
as well as the one between E and D are known. Therefore, two more equations are necessary
- these are known as "constitutive equations" (or "material equations") [22]:
D = εE = ε0E + P, (2.5)
B = µH = µ0H + M, (2.6)
where ε and µ are known as permittivity and permeability; P and M are the electric and
magnetic polarisation of the medium, respectively. ε0 is the permittivity of vacuum while µ0
is its permeability.
The most important result that can be derived from Maxwell’s equations is the existence of
electromagnetic waves. Applying the curl operator to Equation 2.3 gives [21]
∇×∇×E = −∂∇×B
∂ t
. (2.7)
By applying the "curl of the curl" identity
∇× (∇×u) = ∇(∇ ·u)−∇2u, (2.8)
equation 2.7 becomes
∇(∇ ·E)−∇2E = −∂∇×B
∂ t
. (2.9)
Hence, in absence of charges or currents, one obtains
∇2E = µεË, (2.10)
a wave equation for the electric field (n.b. Ë = ∂
2E
∂ t2 ). Similarly, a wave equation for the
H-field can be derived.
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This result implies the existence of electromagnetic waves propagating in vacuum at velocity
c,
c =
1√µ0ε0 . (2.11)
In a medium, light propagates at velocity
v =
c
n
, (2.12)
where n =
√
µε/µ0ε0. This quantity is known as refractive index and is typically "disper-
sive", meaning that it varies with frequency. The refractive index n is a complex number
where the imaginary part is the extinction coefficient which indicates the amount of atten-
uation when the electromagnetic wave propagates through the material. In the framework
of this thesis, it is assumed that µ = µ0 (as in most diamagnetic materials), allowing for the
simplification n =
√
ε/ε0.
It can be shown that plane waves in the form
E = u1E0ei(ωt−k·r) (2.13)
satisfy Maxwell’s equation in free-space with phase velocity as in Equation 2.12, frequency
ω , wave propagation vector k, and position r = (x,y,z) in Cartesian coordinates (u1 is a unit
vector normal to the direction of propagation and E0 is the amplitude of the electric field at
time t = 0 and position r = (0,0,0)) [23].
2.1.2 Snell’s law and Fresnel equations
After defining the form of the propagating electromagnetic field in a homogeneous medium,
it is possible to analyse what occurs at an interface between two media. Due to the continuity
of Maxwell’s equations, a wave (as in Equation 2.13) with frequency ω and propagation
vector k0) impinging on a surface will be generally split into two components, assuming that
the absorption is negligible: a reflected and a transmitted wave, as shown in Figure 2.1. The
condition to be satisfied for continuity using coordinates r is [24]
(ki · r)x=0 = (kr · r)x=0 = (kt · r)x=0, (2.14)
where the subscripts i, r, and t indicate the incident, reflected, and transmitted wave respec-
tively.
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Fig. 2.1 A light beam prop-
agating through a medium
of refractive index n1 is in-
cident on a slab of material
of refractive index n2 at an-
gle θi. The beam is partly
reflected back at an angle θr
and partly transmitted at an
angle θt .
Hence, the following continuity relation must hold:
n1 sinθi = n1 sinθr = n2 sinθt , (2.15)
leading to Snell’s law [24]
sinθi
sinθt
=
n2
n1
. (2.16)
At this point, two boundary conditions at the interface must be imposed: the components of
electric fields parallel to the plane of incidence (denoted by subscript s) need to be continuous
as well as the perpendicular components of the magnetic field (denoted by subscript p). This
implies that for the case of incidence from above:
E1,s +E
′
1,s = E2,s, (2.17)
where E1 is the incident amplitude where, E
′
1 is the reflected amplitude, and E2 is the
transmitted amplitude.
Given that E = vB and θ1 = θ2 where θ1 and θ2 are the angles of the wave vectors k1 and
k2, √
ε1
µ1
(E1,s−E ′1,s)cosθ1 =
√
ε2
µ2
E2,s cosθ2. (2.18)
Hence, defining the reflection and transmission coefficients rs and ts for a single interface
as
rs =
E
′
1,s
E1,s
, ts =
E2,s
E1,s
, (2.19)
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one obtains
rs =
n1 cosθ1−n2 cosθ2
n1 cosθ1 +n2 cosθ2
, (2.20)
and
ts =
2n1 cosθ1
n1 cosθ1 +n2 cosθ2
. (2.21)
Similarly, for the perpendicular components of the field, it can be shown that:
rp =
n1 cosθ2−n2 cosθ1
n1 cosθ2 +n2 cosθ1
, (2.22)
and
tp =
2n1 cosθ1
n1 cosθ2 +n2 cosθ1
. (2.23)
These four equations are known as Fresnel formulas [25].
2.2 Wave propagation in layered media
2.2.1 Matrix formulation for multilayer systems
The theoretical framework introduced so far can be used to solve any isotropic layered
media system. However, iterating the calculation for a large number of layers can become
challenging due to the increasing number of equations involved. Thus, a matrix-based
approach has been developed in order to provide a systematic method to analyse such
systems. The method is particularly suitable to be implemented computationally [26] and is
known as transfer-matrix method.
Fig. 2.2 A thin layer of refractive index n2
placed between two media of refractive in-
dices n1 and n2. A(x) and B(x) are the am-
plitude of the left- and right-propagating
field at position x.
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Considering light propagation in a thin film of thickness t and refractive index n2 placed
between two layers of infinite thickness and refractive indices n1 and n3 (Figure 2.2), the
electric field E(x) consists of left- and right-propagating waves, A(x) and B(x) respectively:
E(x) = A(x)+B(x). (2.24)
In each of the portions of the volume, it is possible to define, for each interface, the electric
fields as follows:
A1 = A(x = 0−),
B1 = B(x = 0−),
A
′
2 = A(x = 0
+),
B
′
2 = B(x = 0
+),
A2 = A(x = t−),
B2 = B(x = t−),
A
′
3 = A(x = t
+),
B
′
3 = B(x = t
+).
(2.25)
Recalling the continuity equations (Equation 2.17-2.18), now one can rewrite A and B in
matrix notation as (
A1
B1
)
= D−11 D2
(
A
′
2
B
′
2
)
≡ D12
(
A
′
2
B
′
2
)
, (2.26)
(
A
′
2
B
′
2
)
= P2
(
A2
B2
)
=
(
eiφ2 0
0 e−iφ2
)(
A2
B2
)
, (2.27)
(
A2
B2
)
= D−12 D3
(
A
′
3
B
′
3
)
≡ D23
(
A
′
3
B
′
3
)
, (2.28)
where D1, D2, and D3 are defined as the dynamical matrices given by
Di =

 1 1
ni cosθi −ni cosθi
 for s waves,cosθi cosθi
ni −ni
 for p waves, (2.29)
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where i = 1,2,3 and θi is the angle in each layer.
The propagation matrix P2 describes the propagation through the bulk of the layer with
phase φ
φ2 = kx,2t (2.30)
where the subscript x indicates the x-component of the wavevector k. Hence, the amplitude
of the field to the left of the layer is related to the amplitude to the right by(
A1
B1
)
= D−11 D2P2D
−1
2 D3
(
A
′
3
B
′
3
)
. (2.31)
In other words, the column vectors describing the field in each layer are related by a 2x2
matrix product. Each interface is represented by a dynamical matrix while the bulk material
is described by a propagation matrix.
To extend this approach to multilayers with N layers, it is possible to reiterate the matrix
formulation for each layer and their interfaces - leading to(
A0
B0
)
=
(
M11 M12
M21 M22
)(
A
′
S
B
′
S
)
, (2.32)
with (
M11 M12
M21 M22
)
= D−10
[
N
∏
j=1
D jPjD−1j
]
DS, (2.33)
where A
′
S, B
′
S are the amplitudes at x = xN .
The reflectance is given by
R = |r|2 =
∣∣∣∣M21M11
∣∣∣∣2. (2.34)
The expression for M becomes complicated as the number of layers increase: in such cases,
the model is typically handled computationally. A number of open source codes are available.
In this work, the script developed and tested in [27] is adapted by the author to study light
propagation in biological materials.
2.2.2 Examples
While the quantitative evaluation of the reflectivity can be rather complex, it is important
to qualitatively understand how each parameter affects independently the overall response.
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Fig. 2.3 The effect of varying the refractive index contrast, number of layers, and incident
angle on a multilayer (s-polarisation only). The thickness of layer 1 is 81 nm; the thickness
of layer 2 is 78 nm. Design based on [28].
Here, the role of the refractive index, layer thickness and number, and angle of incidence is
discussed.
Multilayers can be categorised as ideal and non-ideal depending on whether the following
condition is satisfied or not [29]:
n1t1 = n2t2,
(2.35)
where n1 and n2 are the refractive indices of layers of thickness t1 and t2, respectively.
Equation 2.35 implies that the optical length of the layers is constant for ideal multilayers -
the main consequence of this is that the reflectivity peak is symmetric in this case [19].
Figure 2.3 shows the reflectance of multilayers that have refractive index difference ∆n
between the layers: in panel A the difference is smaller than in B (0.05 and 0.60, respectively).
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Note how the larger ∆n is, the higher the reflectance is; thus, fewer layers are needed to
achieve unity. However, an increase in ∆n leads to an increase in the bandwidth.
Moreover, it can be noticed how the optical response varies as a function of the angle of
incidence of the incoming light (Figure 2.3C-D). This phenomenon is known as iridescence,
a signature trait of thin film and multilayer structural colouration.
Additionally, the peak reflectivity increases with increasing number of layers. In addition,
it is possible to observe that there is a background oscillation of 0-20% (Figure 2.3A). This
is due to the ∆n between air and the stack being larger than the interlayer ∆n, meaning that
the multilayer itself behaves as a thin film [19].
Finally, two more factors that influence the optical response are the dependence of the re-
fractive index on the wavelength and the absorption of the material. Both of them can change
the overall shape and intensity of the reflected (or transmitted) signal significantly. However,
both are often neglected when building computational models leading to inconclusive results.
Arguably, this is due to the difficulty of measuring n (especially in biological samples) even
though a few techniques are available, Jamin-Lebedeff interferometry being the most widely
spread [30, 31].
2.3 Wave propagation in random media
White is the colour that the human eye perceives when exposed to light which contains all the
wavelengths in the visible spectrum with similar intensity [32]. Typically, white colourations
are produced by diffuse broadband reflection of light from randomly dispersed scattering
centres [33]. The scattering centres, or scattering particles, are regions where the refractive
index n is different with respect to the surrounding medium.
Light scattering is a phenomenon that is often regarded as a nuisance. For example, in the
field of astronomy, the glare from the surrounding fog can dramatically worsen the quality of
a telescope’s measurement [34, 35]. However, studying and understanding scattering can
lead not only to the reduction of glare but also to many other interesting applications: ranging
from imaging through turbid media [36, 37] and light trapping for energy harvesting [38], to
the optimisation of white coatings and paints [39].
2.3.1 Light transport in random media
When light encounters a scattering centre embedded in the propagation medium it deviates
from its straight path (also known as "ballistic path", Figure 2.4) so that the direction of
propagation is eventually completely randomised after sufficient scattering events.
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Fig. 2.4 A: a laser beam propagating ballistically through a tank of clear water. Due to
minimal scattering from impurities it is possible to see the beam which would otherwise be
invisible. B: the intensity of the beam is diffused laterally when milk, whose particles act as
scatterers, is added to the tank.
For a sufficiently large number of particles where the arrangement of the scatterers is
not periodic, light does not propagate in a straight line but is instead affected by multiple
scattering events. As a consequence, the system cannot be modelled as the sum of the
contribution from the individual particles. This approach would be extremely demanding
in terms of computational power (as Maxwell’s equations would need to be solved at each
scattering event), requiring billions of interactions for a bulk material.
It is from classical mechanics that one can draw inspiration to solve the seemingly
insurmountable problem of multiple scattering. When modelling many-particle systems, the
Newtonian laws of motion have to be abandoned to embrace a more probabilistic model
[40]. This does not imply that multiple scattering is itself a random phenomenon (it is, in
fact, uniquely predicted by Maxwell’s equations) but only that it is more easily treated as a
stochastic process [41].
2.3.2 The diffusion approximation and the scattering mean free path
Each scattering event can be either elastic, when there is no change in the electromagnetic
field amplitude or frequency of the incoming light, or inelastic, when the field changes
in amplitude or frequency [42]. The latter is the case of absorption. This work is mainly
concerned with the case of elastic scattering and how this phenomenon can be quantified and
modelled. Therefore, absorption will be neglected.
It is possible to approximate the photons’ propagation between scattering events to a
random walk. This interpretation relies on the assumption that each scattering event is
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independent from the previous one and that the scatterers are identical and homogeneously
dispersed in the medium.
Approximating the light path to a random walk implies that the same mathematical
framework that applies to diffusive regimes such as Brownian motion [43] can now be
applied to the scattered light. Hence, the probability of a photon travelling undisturbed a
distance ∆x decays exponentially with the average step-length ls [44]:
P(∆x) ∼ e−∆x/ls.
(2.36)
The quantity ls (known as scattering mean free path) is inversely proportional to the density
of scatterers N and to the scattering cross-section σ s, defined as the effective area that
quantifies the intrinsic likelihood of a scattering event [44]:
ls = (Nσs)−1. (2.37)
The scattering cross-section is not necessarily isotropic. This means that a single scattering
event does not necessarily produce the complete randomisation of the direction of the light
propagation. This bias is taken into account by introducing a key quantity in the formalism
of scattered light, the transport mean free path, lt [44]:
lt =
ls
1−< cosθ >, (2.38)
where < cosθ > is the average cosine of the scattering angle (that is, the angle between
the direction of light propagation before and after the scattering event). In other words, the
transport mean free path represents the length over which the light loses memory of its initial
direction of propagation.
Both θ and the scattering cross-section σs depend on the geometry and size of the scatter-
ers. Assuming spherical scatterers, one can identify different scattering regimes depending
on their diameters, D, with respect to the wavelength of the incident light, λ . If D ≪ λ ,
then it is possible to observe either Thomson scattering (for the particles are charged, e.g.
free electrons in the solar corona) [45] or Rayleigh scattering [46] (for neutral particles)
which is responsible for the blue colouration of the sky [47]. Rayleigh’s model breaks down
when D∼ λ , as the geometry of the particles start to play an important role in shaping the
scattered field. In this case, Mie scattering describes the interaction [48], which is observed
in many emulsions such as milk and paint. Finally, if D≫ λ , it is possible to use the ray
approximation for modelling the scattering events. This regime is known as “geometrical
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scattering” and explains, for example, the phenomenon of rainbows [49].
Knowing σs and N, ls can be calculated as follows. Considering light propagating through
a medium of finite thickness L, the transport regime can either be described by the single
scattering approximation when ls is long (i.e. small σs and low N) or by multiple scattering
when ls is short (i.e. large σs and high N). In the single scattering regime, the transport of
the unscattered (or ballistic) light in space r and time t through a slab of material follows
Lambert-Beer law [50]
I(r, t) = I(0, t)e−r/ls, (2.39)
where I(r) is the intensity of the ballistic beam of light at position r.
In the multiple scattering regime, light propagation can instead be approximated by the
diffusion equation [51]
∂ I(r, t)
∂ t
= D∇2I(r, t)− ve
li
I(r, t)+S(r, t), (2.40)
in which S(r, t) is the light source, ve is the electromagnetic energy transport group velocity
[52] diffusing with constant D, and li is the absorption length, over which the light intensity
decays by a factor 1/e. Since ballistic light travels a shorter path than diffuse light to reach
the same depth, the diffusive absorption length lA is shorter than li and is given by [42]
lA =
√
(lsli)/3. (2.41)
The solution to Equation 2.40 can be calculated for different propagation medium geome-
tries. However, all the diffusive systems described in this work are reasonably approximated
by a slab geometry. Thus, it is important to impose the relevant boundary conditions dictated
by this particular spatial configuration. For a light source positioned at x = (s,0) inside
a diffusive slab of thickness L, the simplest boundary condition assumes that the diffuse
intensity is null at the physical limits of the slab (in Figure 2.5 this would be x = 0 and x =
L). This statement excludes the possibility that the diffuse intensity can be reflected at the
slab boundaries. A better approximation is to impose that the diffuse intensity falls to zero at
distance ze outside the slab (Figure 2.5). The quantity ze is known as "extrapolation length"
and can be calculated as [53]
ze =
2
3
(
1+RD
1−RD
)
ls, (2.42)
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where RD is the reflectivity at the boundaries (averaged over all angles and polarisations).
According to [54], (
1+RD
1−RD
)
= V (n), (2.43)
where V depends only on the effective refractive index neff (the exact form of V can be found
in [54] as well as a polynomial expansion to simplify what is a fairly complicated expression).
Equation 2.43 can be extremely useful when measuring RD is experimentally impracticable.
x
y
(0,0)
ze ze
(L,0)(s,0)
Fig. 2.5 Diagram showing the solution of the diffusion equation (in red) for a δ -light source
at position (0,s) inside a random medium extending from x = 0 to x = L and infinite in the y
and z directions. The extrapolation length ze marks the boundary conditions. Design based
on [55].
Given the boundary conditions discussed above for a slab extending from x = 0 to
thickness x = L
I(x) = 0 at
{
z =−ze,
z = L+ ze,
(2.44)
the solution to the diffusion equation in 2.40 can be shown to be [56]
T (L,λ ) =
cosh(ze/lA)sinh(5ze/3lA)
sinh(L+2ze/lA)
, (2.45)
where T is the total transmittance through the slab.
In a system where L≫ ls and negligible absorption, T can be approximated to [55]
T (L,λ )≃ 1
1+AL
∝ ls/L, (2.46)
where A = (2ze)−1.
18 Theoretical Background
2.3.3 Anomalous diffusion through random media
In the framework of light diffusion presented above, the average square distance, ⟨x2⟩,
travelled by light increases linearly with time t, as in the case of Brownian motion [57]:
⟨x2⟩ = Dtγ , (2.47)
where D is the diffusion constant and γ is a parameter that describes the diffusion regime
(γ = 1 in this case). This formalism relies upon two key assumptions: the existence of a mean
free path and a mean time between two scattering events [58]. In recent years a number of
examples have been found in which these two statements do not hold [57]. In these systems,
⟨x2⟩ can grow faster than linearly (i.e. γ > 1, known as “superdiffusive regime”) or more
slowly (i.e. γ < 1, known as “subdiffusive regime”) [59]. Collectively, these phenomena are
known as anomalous diffusion [57].
A B
Fig. 2.6 Examples of random walks with unit step size. A: normal diffusion is characterised
by a uniform distribution of step lengths. B: superdiffusive systems can explore a larger area
due to the occurrence of longer steps as compared to normally diffusive ones. MATLAB
script for random walk generation adapted from [60].
Anomalous diffusion is caused by the breakdown of the central limit theorem [59] which
states that when independent variables of finite variance are added, their sums tends toward a
normal distribution [61]. In other words, in anomalous systems the distribution of the paths
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is not Gaussian so that one cannot define a meaningful average step-length (Figure 2.6). In
particular, this can be caused by anomalies in the spatial distribution of the steps or in the
time spent covering each step. In fact, the exponent γ can be further separated into its spatial
and temporal component, σ and κ , which are defined in relation to the steps probability
distribution P as function of length r and time intervals ∆t [62]:
P(r)∼ r−σ , (2.48)
P(∆t)∼ ∆t−1−κ , (2.49)
so that
γ =

σ/2κ i f σ < 2 and κ < 1,
σ/2 i f σ < 2 and κ > 1,
1/κ i f σ > 2 and κ < 1,
1 i f σ > 2 and κ > 1,
(2.50)
giving the phase diagram reported in Figure 2.7.
parameter
0
1
2
3
pa
ra
m
et
er
Subdiffusive
Superdiffusive
Diffusive
2 4
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Anomalous diffusion is not only observed for light but is, in fact, ubiquitous in nature:
for instance, superdiffusion is typical of predator search pattern [63] while subdiffusion has
been linked to cytoplasmatic crowding [64].
In the field of photonics, anomalous diffusion has been predicted and measured in
carefully engineered materials in which the fractal nature of the scattering medium introduces
a heavy-tailed distribution of step lengths [65, 66]. Here, the dependence of the total
transmission, T , on the sample thickness, L in Equation 2.46 has to be corrected to account
for the anomaly so that [65]
T (L,λ )≃ 1
1+ALα/2
, (2.51)
where α is the parameter describing the diffusion regime (i.e. it is related to γ so that α = 2
for diffusive systems and α ̸= 2 for anomalous ones) and A is a constant accounting for the
absorption length lA and extrapolation length ze. The full derivation can be found in [67].
When α = 1/2, the superdiffusive behaviour is known as Lévy flight [68]. In particular,
the light transport mechanism described in [65, 66] shows a Lévy flight behaviour due to the
density fluctuations in the distribution of the scatterers. Where the scatterer density is high,
light performs a large number of short steps; in contrast, where the scattering density is low,
light propagates in long "jumps".
Fig. 2.8 A diagram rep-
resentative of the pho-
tonic glass used in [65]
to produce a Levy flight
(in red) for light. Repro-
duced from [65] with
permission.
To experimentally obtain such effect for light transport, a material composed by trans-
parent glass spheres embedded in a scattering medium (constituted by an acrylate polymer
and titania powder, TiO2) was prepared. The spheres were matched in refractive index the
polymeric portion of the material so that only the TiO2 particles would act as scatterers.
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Light progressed in short, random steps in the scattering medium whereas it propagated
ballistically through the spheres (Figure 2.8). Hence, the sole purpose of the spheres was to
modify the scatterers’ density.
By tuning the extent of the density fluctuations (i.e. by varying the amount and size
of the spheres) it was possible to introduce very long jumps so that the step distribution
was skewed and the light transport could be approximated to a Lévy flight. Furthermore,
the size distribution of the sphere’s diameters was chosen to be scale-invariant to avoid the
introduction a characteristic scattering distance.
This explanation has been, however, criticised in [69] where it was argued that a system
can be normally diffusive even if the step-length distribution is non-Gaussian as long as the
steps are not independent. This latter argument was also supported by earlier calculations in
[70].
To unravel the cause of the disagreement, one has to refer back to the difference between
annealed and quenched disordered systems. In annealed systems, like those presented so
far, the steps between each scattering event are assumed to be completely independent from
each other (this is why these structures also known as "memoryless"). In contrast, quenched
systems are characterised by the presence of certain degree of correlation between the steps
so that one cannot assume that the steps are independent from each other.
For example, in the case of the Lévy glass described here, it is reasonable to predict that
light is likely to be "trapped" in the transparent spheres and be scattered back and forth inside
the spheres before re-entering the embedding medium [71]. A light path as such contributes
less to the average square displacement of the photons as it explores a smaller volume than it
would have if it had not been trapped.
In the specific case of [65], it has been shown that the steps do not show any correlation
and thus the superdiffusive approximation is an appropriate description [72] but there is
general consensus that quenched disorder strongly affects the transport [73].
In Chapter 8, a novel cellulose-based superdiffusive system is described in which the
anomaly is introduced by the size distribution of the scattering centres and their anisotropy
in the spatial distribution. To date, no subdiffusive systems have been reported for light, even
though preliminary calculations have shown their potential [74].
2.3.4 Anderson localisation
There are many analogies between the propagation of light in a disordered medium and the
motion of electrons in a solid: both are scattered by the inhomogeneities in the structure as if
they were particles and can interfere with each other as waves so that the same mathematical
treatment can be applied to both [75].
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Historically, the exploration of the disorder-induced phenomena began in the field of
electronics in the late 1950s. The main question was whether the scattering mean free path
ls decreases indefinitely with increasing disorder or whether it reaches a minimum value
[76]. P. W. Anderson was the first to demonstrate that, beyond a critical amount of disorder,
the diffusion of the electrons comes to a halt [75]. Intuitively, this can be explained by ls of
the electrons becoming smaller than their de Broglie wavelength, resulting in the complete
suppression of the diffusion current. The effect has later been experimentally proven [77],
setting the basis for the investigation of the so-called minimum conductivity.
The idea that localisation could also be observed for classical waves started to emerge
thirty years later. Both [78, 79] and [80] theorised that the same concepts should apply to the
propagation of light through disordered media, predicting that photon localisation would be
achieved for a material in which kls ≤ 1, where k is the photon wavevector.
Localisation of light can be seen as a consequence of constructive interference [81]. A
random light path that returns to the initial point can be followed in two opposite directions.
Having acquired the same phase difference, the two waves will interfere constructively at the
source location. This implies that there is a higher probability of the wave going back to the
origin. As ls decreases, the likelihood of observing such loops increases, eventually making
it impossible for photons to “escape” the structure. In other words, light is spatially localised.
More quantitatively, in a localised regime the transmission through a medium decreases
exponentially rather than linearly with the thickness of the sample [76]. At the critical
point of transition between the two regimes, the transmission is predicted to have an inverse
quadratic dependence [75].
Photonic systems offer various advantages with respect to electronic ones for observing
Anderson localisation [76]. First of all, photons do not interact with each other and are
facile to control at room temperature. Furthermore, while for electrons one can only directly
monitor the conductance, there are a number of quantities that can be measured for photons
in addition to the transmittance (e.g. amplitude, phase, time-of-flight, etc) with a higher
degree of control over the polarisation states and angular response.
Fabricating a material where localisation can be observed poses three major challenges
[80]. Firstly, to achieve strong scattering, it is necessary to increase the density of the
scatterers. However, beyond a 50% fraction, the photons will be scattered by the cavities
rather than the particles [82]. Secondly, unlike electrons, photons have a small scattering
cross-section for long wavelengths due to the weaker Rayleigh scattering [76]. Lastly,
localisation must not be confused with absorption. Materials with high refractive indices and
low absorption can be chosen, but only careful characterisation of the medium can confirm
that the regime of localisation has been achieved. In fact, reports of observation of Anderson
2.3 Wave propagation in random media 23
localisation (e.g. [81] for a two-dimensional GaAs powder) are often put into question by the
scientific community due to the unconvincing absorption measurements [83]. To date, the
only observation of localisation in a three-dimensional material [84] has also been challenged
[85].
Achieving light localisation would not only unequivocally prove that Anderson’s con-
jecture is valid, but it would also have useful applications for random lasing and quantum
information processing [86].
One of the possible strategies to overcome the experimental issues mentioned above is
the optimisation of the geometry of the disordered structure combined with a material of
appropriately high refractive index. In Chapter 7, a novel method based on exploiting the
white beetle’s three-dimensional scattering network is shown to deliver promising results
in the visible and infra-red wavelengths. Based on the finding that fibrillar networks allow
strong scattering in low refractive index-materials, a bioinspired cellulose-based material is
developed for industrial applications such as white coatings and paints (see Chapter 8).
2.3.5 Experimental estimation of the scattering mean free path in the
diffusion approximation
The scattering mean free path is a key parameter impacting the performance of scattering
media [87] independently from their thickness, filling fraction, and refractive index [88]:
for long scattering mean free paths, light propagates almost undeflected through a slab of
thickness L. Instead, a short scattering mean free path implies that light is scattered multiple
times within the same thickness. Hence, the stronger a material scatters, the shorter its mean
free path is.
Here, three methods for the experimental determination of ls are presented: the first
technique, the integrating sphere method, relies on the assumption that light intensity is a
scalar quantity while the other two techniques, the speckle autocorrelation and the backscat-
tering cone, take into account the vectorial nature of the photon propagation and interference.
Photon interference requires having scatterers that are frozen at a fixed position in space. The
latter condition is true even for materials that are not solid, as the time that photons spend in
the medium (∼ ps) is much shorter than the Brownian motion relaxation time (∼ ms) [40].
The integrating sphere
The integrating sphere is a tool for the measurement of the total transmission (or reflection)
of a material (see also Experimental Section 3.1.3). As it is possible to see from Equation
2.46, the mean free path can be estimated from the total transmission and thickness of a
24 Theoretical Background
sample [81]. However, because any error in the estimation of T , ze, or L can lead to a large
uncertainty in the value of ls, it is customary to measure these quantities for various values of
the thickness and perform a curve fit of T versus L to estimate ls. To improve the quality of
the fit, the condition T(L=0) = 1 is imposed, as one expects complete transmission for zero
thickness. Figure 2.9 shows an example of such procedure for a scattering material made of
polymethyl methacrylate (PMMA) which is nanostructured as to enhance scattering1.
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Fig. 2.9 Least-square fitting (black line, Equation 2.46) of the experimentally measured total
transmission T (black markers) through various slabs of nano-patterned PMMA of thickness
L. The fit satisfies the condition that for null thickness the transmittance is unity. From the
curve fitting it is possible to infer that ls = (2.6±0.2) µm for an estimated ze = 23 ls given a
filling fraction of 61% PMMA versus air (nPMMA ∼ 1.54 and nair = 1.00).
Speckle autocorrelation
In absence of absorption, light undergoing multiple scattering collides elastically with the
scattering elements. Therefore, the scattered waves must have a constant relative phase
1This work has been accepted for publication as: Syurik’, J., Jacucci’ G., Onelli, O. D., Vignolini, S., &
Hölscher, H. Bio-inspired highly scattering networks via polymer phase separation. Advanced Functional
Materials (2018). ’These authors have contributed equally to the work.
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Fig. 2.10 A typical
speckle pattern produced
by shining laser light
on a sheet of common
paper.
difference determined by the optical path length between the field at each single scatterer
and at the point of observation. It is thus possible to deduce that different scattering paths
can interfere coherently with each other as the phase is not lost in the scattering process [89].
Such interference effects are not considered by the diffusion approximation described earlier
in this chapter. Therefore, the theoretical framework needs to be expanded to include them.
The most common manifestation of this interference phenomenon is the speckle: a static
granular pattern which forms on the surface of a diffusive medium when illuminated by a
coherent light source. Speckles are most conspicuous when using laser light due to its high
spatial coherence. In fact, one of the simplest methods for observing speckles is shining a
laser beam on a rough surface such as a wall or on a piece of paper [90]: the laser’s coherence
length is much greater than the height of the surface features so that scattered wavefronts
differ by a constant relative phase and can thus interfere with each other. It is, however, also
possible to observe multicoloured speckles when sunlight impinges on a grainy surface. In
fact, when the sky is clear, the sunlight spatial coherence can exceed 50 µm [91].
Due to its random nature, the intensity of the speckle pattern does not appear to be
immediately related to the original object [92]. However, speckle patterns contain correlations
that can be exploited to gain insight into the nature of the diffusive medium [93]. The speckle
grain size in the far-field, h, is found to depend only on the distance of observation, u and of
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the diameter of the illuminated area, D, according to the following relation [89]:
h =
2.4λu
D
. (2.52)
This is a consequence of the fact that the speckle grain is ultimately determined by the Airy
disk diameter of the system [94]. Interestingly, the correlation between the patterns can
encode further information.
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Fig. 2.11 Autocorrelation function: comparison between experimental data and the theoretical
fits (Equation 2.54). The sample is common paper (thickness ∼400 µm), whose lt is known
to be around 25 µm [14]. From the curve fit, it is possible to estimate that ls = (52±26) µm.
The large uncertainty is most probably due to the weak scattering properties of paper.
One of the most useful pieces of information that can be extracted from the speckle
patterns and their correlation is the scattering mean free path. It has been shown that diffuse
wave transport can sustain both short- and long-range correlations [95]. In particular, three
types of correlations have been calculated for short-, long-, and infinite-range; they are known
in the literature as C(1)-, C(2)-, and C(3)-type correlations, respectively [96].
2.3 Wave propagation in random media 27
C(1) is a Gaussian statistics approximation for the field amplitude [97], as calculated in
[98] and experimentally measured in [99, 100]. In the diffusive regime, C(1)-type correlations
dominate and the average size of a speckle spot is determined by this short-range interaction
[101].
C(2), and C(3) are non-Gaussian correlations that decay on considerably larger scales.
In particular, C(3) refers to those correlations that arise from the ensemble average of all
transmission paths (or "channels") and can therefore be measured by total transmission
measurements [95].
The focus in this work is on C(2)-type correlations as these are key to estimate ls. As
calculated in [102] for a slab of thickness L with N number of transmitted modes,
C(2) = (ls/9NL)F2(∆ω,L), (2.53)
with
F2 =
3
2
x−1
sinh(2x)− sin(2x)
cosh(2x)− cos(2x) , (2.54)
where x = (∆ω/D)1/2L and D = vls/3 (∆ω being the frequency shift).
The first experimental confirmation of the shape of the function F2 proved that the long-
correlation function decays as (∆ω)1/2 and that its full width at half maximum is proportional
to L−2 can be found in [95]. This work paves the way towards new techniques for imaging
through turbid media [103]: if the shape of F2 is known, it is possible to infer ls via curve
fitting (for a slab of known thickness) hence allowing spatial mapping of the scattering
properties of the material, being it a colloidal suspension or a biological tissue [36]. In
Chapter 7 an experimental set-up for the measurement of ls is described.
In Figure 2.11 an example of such estimation technique is shown, with emphasis on
the dramatic effect that varying ls has on the curve shape. It can be noticed that the fit is
not very satisfactory: this can be ascribed to two factors. First of all, the scattering in a
medium such as white paper is weak and probably not able to sustain long-range correlations.
Secondly, the experimental error bars are derived from the standard deviation of the speckle
image autocorrelation (calculated using MATLAB). However, additional factors influence
the uncertainty in the fitting, such as the error in the slab thickness measurement and the
error in its refractive index.
The backscattering cone
One of the most solid demonstrations of the persistence of interference phenomena among
waves that undergo multiple scattering is the coherent backscattering cone (also known
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as "weak localisation") [104]. In contrast to the speckle pattern described above, weak
localisation is an effect where the intensity of the light reflected in the backscattered direction
is enhanced with respect to the other directions. This is a consequence of the interference
between direct and reverse paths in the direction of illumination [105].
ne ni
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kf Fig. 2.12 Schematic
diagram showing
how the two counter-
propagating paths give
rise to interference as θ
tends to zero.
In particular, the intensity I at angular position (θ ,φ) due to the interference between
many two-wave interference patterns can be written as [104]
I(θ ,φ) = I0(1+ζ cos(d ·∆k)), (2.55)
where I0 is the intensity neglecting interactions, ζ is the contrast difference between construc-
tive and destructive interference, d is the distance between the entry/exit positions (Figure
2.12), and ∆k is defined as follows:
∆k = k f −ki, (2.56)
where, e.g. for normal incidence,
ki = (0,0,k), (2.57)
k f = k(sinθ cosφ ,sinθ sinφ ,cosθ). (2.58)
Consequently, the waves interfere with maximum intensity at θ = 0, as long as reciprocity
is preserved (i.e. both paths are exactly the same, Figure 2.12). The phase difference, ∆φ ,
between the two paths is therefore
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Fig. 2.13 A: the backscattering cone originates from the pair-wise interference of many waves
that are in phase at θ = 0. The wider curve corresponds to the shorter paths and vice versa.
B: the width of the cone increases with decreasing scattering mean free path. The equation
for generating the plot is reported in [106].
∆φ =
2π
λ
(d ·∆k), (2.59)
which, in the limit of small θ can be approximated to
∆φ ≈ 2π
λ
| rN − ri | . (2.60)
where | rN − ri | is the separation between the first scattering event at position ri and the last
one at rN .
| rN − ri | represents the mean separation between the first and last scattering event and it
is roughly of the order of the transport mean free path lt so that
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∆φ ≈ 2π
λ
θ lt . (2.61)
It can be demonstrated that the width, W , of the backscattering cone can be approximated
by [107, 108]
W (θ) ≃ 0.7
2π
ni
ne
λi
lt
=
0.7
2π
λe
lt
, (2.62)
in which ni is the effective refractive index of the sample and λi is the wavelength of light
propagating in the sample; ne is the refracting index of the medium between the illumination
source and λe is the wavelength of the incident light.
This expression can be intuitively explained as follows:
• neni accounts for the light refraction at the sample interface;
• the factor 0.7 arises from the ensemble average over many scattering order contributions
- its value is close to unity as double scattering dominates;
• the shape of the cone at the vertex is primarily determined by the longer paths whereas
the shape of the cone at large angles is mostly driven by the shorter paths.
The latter consideration implies that the shape of the coherent backscattering depends on
the diffusion parameter α . In [92, 109], it is shown that when α is decreased, the top of the
cone is sharper as its shape is primarily dictated by the longer paths which are more abundant
in superdiffusive systems. Similarly, the tails of the cone decrease more slowly as they stem
out from the interaction between shorter paths.
The expected intensity of the coherent backscattering, Icoh, with respect to the incoherent
background, Iinc, can be estimated considering that if two waves of equal amplitude A interact
coherently, they sum as follows [110]
Icoh = | A+A |2= 4A2, (2.63)
whereas incoherent waves sum as
Iinc = | A |2 + | A |2= 2A2. (2.64)
Hence, the coherent backscattering intensity is theoretically predicted to be twice the back-
ground intensity.
Even though the enhancement is conspicuous, two main experimental issues prevented
the observation of this effect until the 1980s when it was first reported in [111, 112]. The first
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limitation is that the backscattering direction coincides, by definition, with the direction of
illumination. Hence, the light detector for collecting the backscattered intensity "blinds" the
light source. The second limitation is that the width of the cone is typically of the order of
tens or hundreds milliradians so that a very high angular resolution is needed to distinguish
the shape of the cone.
Ever since its discovery, measurements of the backscattering cone have been used to
estimate the scattering mean free path of materials [113]. Due to the wavelength dependence
of the cone’s width, it has been shown that multi-wavelength, broadband measurements are
possible [114, 115] as well as observation of the phenomenon in frequencies other than the
visible, giving information about e.g. the chemical composition of the icy moons of Jupiter
as predicted by the measured scattering cross-section [116].
Drawbacks
Estimating the scattering mean free path experimentally is crucial to evaluate and compare
the scattering efficiency of materials. However, measuring ls is a non-trivial problem and
even though a few techniques are available they all have disadvantages: the integrating sphere
method can be considered the most straightforward and it applies to both anomalous and
standard diffusive systems. However, it relies on having at least 3-5 samples that differ in
thickness, spanning at least one order of magnitude, which may not be feasible for some
materials; the backscattering cone technique is independent of thickness but it is notoriously
difficult due to the fine alignment needed and the troublesome normalisation. Furthermore,
the sample needs to be sufficiently thick so that a significant number of scattering events
can occur and build up the interference pattern (typically, at least ten times thicker than
the scattering mean free path); finally, the speckle autocorrelation method requires having
a tuneable laser whose sensitivity is such that the autocorrelation function can be traced
accurately over the required frequency range and a suitable CCD camera for the acquisition
of low-intensity images.

Chapter 3
Experimental materials and methods
To understand and model structurally coloured materials, it is often crucial to image the
three-dimensional architecture of the photonic structure. Due to the nanoscopic size of the
features, electron microscopy is generally necessary to resolve the structures of interest. At
the same time, the microscopic arrangement of the architecture is often relevant in building
up the overall, macroscopic optical properties of a material. Hence, optical microscopy is
used to extract information at a larger scale.
Fig. 3.1 P. nireus butterfly. On the left, an optical micrograph of the wing’s blue scales reveals
the presence of longitudinal ridges. On the right, a SEM image of a single scale: here it is
possible to appreciate the nanostructures in-between the ridges.
3.1 Optical measurements
3.1.1 Optical microscopy
A customised Zeiss Axio microscope is used to perform optical microscopy. Illumina-
tion is the most important factor affecting the quality of the images. Hence, before every
measurement, the microscope is aligned to achieve optimal Köhler illumination.
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Fig. 3.2 Schematics of a Köhler microscope set up (transmission configuration). In the
image-forming light path, the specimen image is focused at the eyepoint (or at on CCD
sensor). In the illumination path the image of the lamp filament is defocussed at the sample
plane as well as at the observation position to obtain an even illumination.
Köhler illumination consists of having two sets of conjugated planes in the light path
(Figure 3.2): the first one, known as image-forming light path, is constituted by the field
diaphragm, the focused specimen, and the retina of the observer or the camera sensor plane;
the second one, known as illumination light path, includes the lamp filament, the condenser
diaphragm, the back focal plane of the objective, and the eyepoint (located a few centimetres
above the eyepiece). In this work, a charged-couple device (CCD) camera (IDS UI-3580LE)
is used to record the images.
Alignment of the conjugated planes is critical not only to achieve artefacts-free images
but also to be able to control the lighting conditions. This can be achieved by changing the
field diaphragm and the condenser diaphragm aperture.
The field diaphragm controls the the field of view of the objective. This mostly affects
the image quality. Typically, optimal results are obtained when the field of view is 2/3 of
the total image as this discards the peripheral areas of the image which are most likely to be
affected by distortions.
Similarly, the condenser diaphragm controls the angular width of the illumination light
beam which is quantified by a dimensionless number, the numerical aperture (NA). The
nominal numerical aperture of the objectives is achieved only if the condenser diaphragm is
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completely open. The correct management of the numerical aperture is very important when
characterising structurally coloured samples: by changing the angular range of illumination,
the appearance of the structures imaged changes drastically.
For example, when the 20X and 50X objectives are mounted on the microscope their
numerical aperture (NA) are 0.6 and 0.95 respectively. As a consequence, the half-angle θ of
the maximum cone of light that can enter or exit the lens is 40° for the 20X objective and 71°
for the 50X objective as calculated according to [117]
NA = nsinθ , (3.1)
where n is the refractive index of the medium between the objective and the sample (here,
air. Figure 3.3). Hence, the light scattered from highly scattering specimens is collected using
the 50X objective as a broader half-angle guarantees the collection of a greater proportion of
the light scattered laterally.
3.1.2 Optical spectroscopy
Spectroscopy in the visible range allows to quantify the optical properties of a material.
In particular, its reflectivity and transmittivity can be measured as compared to standard
materials of reference. A customised set-up for spectra collection is used to characterise the
reflectivity of the samples. By coupling it to the optical microscope via optical fibres, it is
possible to probe small areas of the samples (down to 1 µm in diameter, depending on the
lenses used for the coupling).
Using the Köhler set-up described in Section 3.1.1, it is possible to split the signal from
the sample so that half of the beam is collected by the camera and half is coupled into a
spectrometer (AvaSpec-HS2048, Avantes) via an optical fibre (50-600 µm core, Avantes).
This allows the acquisition of spectra from specific areas of the sample.
A silver mirror (Thorlabs, PF10-03-P01) is generally used to normalise the spectra
obtained from reflective samples. In contrast, the spectra of strongly scattering samples
are normalised against a standard white diffuser (LabSphere USRS-99-010) whose angular
profile is Lambertian in order to avoid aberration. The latter can also be used as normalisation
when performing near-UV measurement: the reflectance of silver mirrors falls sharply below
400 nm while diffusers can allow measurements for wavelengths as short as 300 nm.
Because the collection NA of the spectrometer is the same of the microscope, it is
important to point out that the spectra vary according to the NA used. Hence, if the spectra
are utilised for theoretical modelling using techniques such as the transfer matrix method
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(see Chapter 2.2), it is crucial to match the angles over which the simulation is iterated with
the numerical aperture of the experimental set-up to obtain comparable results. In fact, if a
large numerical aperture is used for the collection of the signal, the spectra will be composed
of multiple peaks leading to spectral broadening.
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Fig. 3.3 On the left: the customised set-up for optical microscopy and spectroscopy used to
characterise the samples. The beam splitters are placed at the conjugated planes to preserve
the Köhler illumination condition. On the right: close-up of the objective and sample,
highlighting the collection half-angle θ .
The Double-ended fibre
The Double-ended fibre (or Bifurcated fibre-optic probe, here Ocean Optics P600-1-UV-VIS.
NA = 0.22) is a versatile device for the collection of spectra from cm-sized areas. It consists
of an optical fibre where six light guides are placed around a core guide: the outer guides
deliver light from a light source (Xenon lamp Ocean Optics HPX-2000) to the sample while
the inner one collects the signal from the sample and transmits it to a spectrometer (Avantes
AvaSpec-HS2048).
The wavelength range of the instrument principally depends on the characteristics of the
fibre. As a consequence, it is possible to carry out measurements at short wavelengths (∼
250 - 300 nm) which are, instead, difficult to perform with a microspectroscopy set-up as the
one described above due to poor performance of the optical components in the near UV.
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Another advantage of the Double-ended fibre is that the area of collection is larger than
in the case of microspectroscopy (mm versus µm). Reflectivity from a macroscopic sample
can be a more relevant quantity to measure if one is interested in the overall appearance of a
material.
However, a Double-ended fibre reading tends to be less reliable and more prone to error
than a microscopic measurement. This is due to the difficulty of focusing the fibre on the
sample: the focal point of the fibre is determined by its numerical aperture so if the gap
between the fibre end and the sample is varied even slightly, the fluctuations in the signal can
be very significant. Hence, it is important to mount the reference material (e.g. a mirror) and
the sample at exactly the same distance from the fibre.
3.1.3 The integrating sphere
The integrating sphere is a widely used instrument to measure the total reflection and total
transmittance of a material [118]. It consists of a hollow sphere whose internal surface is
coated with a highly reflective material so that any impinging light is scattered in multiple
directions and distributed equally in the volume. In this way, the directionality of the signal
is lost, but the total intensity is retained. The signal is then measured by a spectrometer (see
the diagram in Figure 3.4A).
There are two main advantages of using an integrating sphere. Firstly, the effective
numerical aperture is very close to unity. As a consequence, the signal at wider angles
is not discarded (this is in contrast to microscope measurements and Double-ended fibre
acquisitions). Secondly, the coating material is very efficient over a wide wavelength range
(300-1000 nm). The spectral range, however, is often limited by the light source used.
There are three different configurations in which the integrating sphere can be used,
depending on the sample and information needed (Figure 3.4B-E) [119, 120]:
1. total transmission, T T : the sample is mounted at the illumination port, which is
kept open to let in the sphere the light transmitted through the sample. This type of
configuration is extremely useful to estimate the scattering mean free path of a material
(see Chapter 2.3.1).
2. total reflection, T R: the sample is mounted outside the port which is opposite the
illumination aperture. The reflected light is collected by the spectrometer. Typically,
bafflers are placed inside the sphere so that light which has scattered only once (or
twice) cannot be detected.
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Fig. 3.4 A: the experimental set-up consists of a light source (Ocean Optics HPX-2000)
coupled into an optical fibre (Thorlabs FC-UV100-2-SR) via a collimator (Thorlabs). The
transmitted/reflected light is collected with the integrating sphere (Labsphere) and the signal
is acquired by a spectrometer (Avantes HS2048). B: the intensity is normalised with respect
to the closed integrating sphere. C: for a transmission measurement, the sample is mounted
just outside the illumination port. D: total reflection measurement in which the sample is
placed outside the port opposite to the light source. D: scattering measurement. Here, a third
port is open to let out the specular reflection from the sample.
3. scattering, S: the system is set up as in 2 but the port which is diametrically opposite the
sample is open so that the specular reflection, SR, exits the sphere and is not measured
by the spectrometer.
Approaches 1−3 together can provide useful information about the magnitude of the specular
reflection with respect to the scattering from the sample and its absorption, A. In fact, it is
possible to say that the total amount of light input is fractioned as
1 = T +SR+S+A, (3.2)
so that, by subtraction, any of the quantities can be determined separately.
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3.2 Electron microscopy
Electron microscopy has a resolving power which exceeds that of optical microscopes by
a few orders of magnitude [121]. Such performance is achieved using a beam of electrons
created by an electron gun as illumination source rather than light: the de Broglie wavelength
of electrons is significantly shorter than that of photons so that the diffraction limit is of the
order of tens of pm for electron microscopes as compared to the limit for optical microscopes
which is around 200 nm [122].
Most microscopy principles apply to optical microscopes as well as electron ones. How-
ever, in optical microscopes the light beam is manipulated using glass lenses while in the
case of electron microscopes the lenses are effectively substituted by magnets which can
direct the flow of electrons towards the sample [123]. Another difference is that electron
microscopes operate under vacuum while optical microscopes can be used in air- or in
liquid-filled environments (e.g. oil immersion microscopes) [122]. This is due to the fact
that the electrons are be scattered by the air molecules (or other media) and it would not be
possible to obtain a focused beam.
One can distinguish two types of electron microscopes according to their operation mode:
transmission electron microscopes (TEM) and scanning electron microscopes (SEM). Both
machines use the interactions between the electron beam and the sample to infer information
about the latter. In fact, when the electrons impinge on the specimen surface, they lose
energy via a number of mechanism such as low-energy secondary electrons and high-energy
backscattered electrons, heat, and light or X-ray emission. The information obtained with an
electron microscope is a map of the intensity and type of the detected energy losses converted
to an image. Typically, heat and light are not considered in electron microscopy which,
instead, concentrates on the analysis of the other products.
In TEM, the electrons that are scattered (and diffracted) as the beam is transmitted through
the specimen are used to reconstruct spatial information regarding the sample [124]. The
latter needs to be transparent to electrons and is thus typically very thin (<200 nm).
In SEM, information about the specimen is reconstructed from the electrons that are
generated or scattered from the surface of the sample [125].
The main difference between TEM and SEM is that the beam in the latter is more focused
(up to 1 nm). Hence, the probe needs to "scan" the surface of the sample to map the entire
field of view whereas TEM can analyse larger areas simultaneously.
Biological samples are notoriously difficult to image via electron microscopy: they are
not conductive so the electron beam interacts with the specimens for a longer time. Even
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at low beam voltages biological samples often suffer irremediable damages due to such
extended exposure to high energy electrons.
Another shortcoming is caused by the fact that electron microscopes operate in vacuum:
biological samples have to be dehydrated in order to prevent damage due to the rapid
evaporation of water when the sample is placed under vacuum. This can be prevented by
deep-freezing the sample beforehand or via fixation using resins.
Hence, sample preparation and optimisation of the parameters for imaging are of fun-
damental importance to achieve optimal results (see Appendix B for details on the sample
preparation).
Focused ion beam
Focused ion beam (FIB) milling provides a reliable way of exposing the cross-section of a
sample and, combined with SEM imaging, it allows the reconstruction of the full 3D volume
from sequences of 2D images [126].
Sample
Ion beam
Electron
beam
38° Fig. 3.5 In a FIB/SEM
system the ion beam is
normal to the surface of
the specimen while the
electron beam is tilted
so that the angle be-
tween the two beams is
38◦.
A FIB set-up functions very similarly to a SEM but the focused beam is constituted
by ions rather than electrons. The most common type of ions used for this application is
gallium ions (Ga+) as these can be finely focused [127]. At low beam currents, the ions can
be used for imaging while at high currents they can remove material from the sample with
sub-micrometre precision [128].
FIB/SEM stations are set-ups where the ion and electron beam column can be used at the
same time. As shown in Figure 3.5, the ion beam is typically normal to the surface of the
specimen while the electron beam is at 52◦ to it - in this way the two beams do not impede
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each other. The main application for the FIB/SEM set-up is known as "slice-and-view": as
the two beams can be operated simultaneously, it is possible to slice the sample with the ion
beam and image the section with the electron microscope.
FIB milling is carried out in three stages: first, the surroundings of the area of interest
are cleared out using a high current. Then, a rough cut is made using a lower current and
finally the cross-section is slowly cleared using a very low-intensity cross-section cut (known
as cleaning cross-section). The machine used in the context of this thesis is a FEI Philips
Dualbeam Quanta 3D system. The parameters used vary depending on the hardness of the
sample and are summarised in Table B.1 in Appendix B.
For tomographies, the region of interest is coated with a 0.5 µm-thick Pt (platinum) using
a micromanipulator. Slices of even thickness are cut with the ion beam and the surfaces
exposed are imaged, to obtain a collection of sequential two-dimensional images that is later
used to reconstruct the three-dimensional volume. A fiducial mark is placed in order to
automate the image acquisition (iSpy software by FEI) and help with the later re-alignment
of the images. Furthermore, the mark is used to determine a posteriori the thickness of the
slices.
The three-dimensional volume is reconstructed using Avizo (software by FEI). First of
all, the images are aligned and corrected for shear and tilt. Then, a median filter is applied in
order to remove the noise. The stack of images is subsequently converted to binary using an
interacting thresholding procedure. At this point it is possible to segment the volume and
partition the features of interest. Each of these is labelled and their volume is calculated.
From the partition and labelling, it is possible to extrapolate information about the structure
(e.g. radii, filling fraction, etc.). To produce an animated visualisation of the dataset, a
volume rendering is created from the images stack.

Chapter 4
Review: disordered photonics in nature
The ubiquity of colour-producing nano-structures in nature spans various groups of organisms,
including: bacteria [129], protists [130], plants [18], and animals [10]. From one- to three-
dimensional systems, the variety of colour-producing photonic mechanisms is tremendous,
with structural colour known to play a key role in animal communication [131], mating [132],
and camouflage [133] in a number of animals. These structures can be highly periodic (where
long-range correlations between elements give rise to bright metallic colouration [134]),
partially disordered (where short-range correlations allow matte, isotropic colour [12]), or
completely random (with the absence of correlation between the scattering centres providing
brilliant white reflectivity [135, 14]). Fossil evidence shows that structural colouration existed
as long as 500 million years ago [8, 136, 137].
The past decades have seen increasing interest in biological photonics, especially as
a source of inspiration for biomimetic devices and applications [138]. More recently, the
attention of the scientific community has shifted from ordered to disordered structures [33]
as it became apparent that most architectures deviate from perfect periodicity, on both short-
and long-range length scales [19].
Recent advances in imaging techniques - in terms of resolution and field of view - and in
computational techniques made it possible to access these complex systems and understand
the interplay of order and disorder in living photonic structures [20].
Broadly speaking, the effects that disorder can introduce can be classified into four
categories: broadband reflectance (as opposed to narrow-band responses), modulation of
the angular response, polarisation effects, and polycrystallinity-related optical properties. In
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this chapter1 each phenomenon will be discussed in relation to recent examples from the
literature.
4.1 Broadband optical response
4.1.1 Metallic appearance
In Chapter 2.2 the propagation of light through layered media has been discussed - showing
how spectral broadening can occur as a consequence of a high refractive index difference
between the layers and of the variation in the incident angle. Breaking the periodicity of the
multilayers can also lead to a similar result, causing an intense metallic appearance.
A B C
Fig. 4.1 A: Lepidopus caudatus photographed by Flavia Brandi on Flickr (licensed under CC
BY-NC 2.0); B: cross-sectional TEM image of the fish’s silver skin (scale bar: 5 µm); C:
Five-stage fractal approximating the reflector, the guanine crystals are represented in blue
and the cytoplasm in yellow. B and C are reproduced from [139] under CC BY 4.0.
The most commonly recurring metallic colouration in nature is the silver appearance
of a number of pelagic mid-water fish (Figure 4.1A) such as Clupea harengus (Atlantic
herring) and Sardina pilchardus (European sardine) [140]. Even though their colouration
appears extremely conspicuous in air, underwater the silver reflection acts as a perfect
mirror, reflecting the diffuse light from the fish skin [141]. This effect is achieved by having
a multilayer reflector composed by anhydrous guanine crystals separated by cytoplasm
where the spacing between crystals and the crystals’ size varies significantly (Figure 4.1B)
1Parts of this chapter will be published as: Johansen, V. E., Onelli, O. D., Steiner, L. M., Vignolini, S.
"Photonic structures in nature: from order to disorder". Functional Surfaces in Biology III. Edited by E. Gorb
and S. Gorb. London: Springer, 2018
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[142, 140]. This variability leads to a peak intensity that is lower than in the ideal case. As a
consequence, the signal at wavelengths outside the main range of reflectivity is higher, which
is more favourable for a silvery, broadband colouration [142].
Guanine/cytoplasm Bragg stacks can be found either in the fish’s stratum argenteum (a
sub-dermal layer of the skin) or in the inner surface of the scales. In the case of the family
Trichiurus, no scales are present but a disordered multilayer has been imaged via TEM.
It was thought that the structure was completely random thus optimised for broadband
reflectivity [143, 144]. However, it has recently been suggested that the layering follows a
fractal geometry [139]. By computationally generating patterns, one can show that seemingly
random layering can be replicated by having three or more fractal generators randomly
spread throughout the crystal growth (Figure 4.1C). This implies that the system is not
fully disordered: if the initial conditions are known, the final structure can be determined.
The high degree of pattern variability would not be achievable in perfectly regular sys-
tems. Interestingly, this places the fish reflector in-between the completely deterministic
and random extremes. It would be interesting to investigate experimentally how the gua-
nine/cytoplasm multilayer forms and whether it, indeed, follows a Cantor bar generator
during the development of the organism.
A different strategy for the production of golden and silver colouration is the "chirped"
multilayer where layer thickness decreases with depth, reflecting shorter and shorter wave-
lengths of light so that the full spectrum can interact with the stack [144, 145]. This is the
case in the silver Chrysina chrysagyrea and golden Anoplognathus parvulus beetles which
exploit their colouration for camouflage in the dewy forest [146]. A similar structure has
also been observed in the golden chrysalis of the butterfly Euploea core [144, 139]. In these
cases, the structure is not periodic but it can be still considered "ordered" as the layering
architecture follows a determined mathematical relation.
4.1.2 Whiteness
As discussed in Chapter 2.3, light propagating through a completely disordered structure
is scattered multiple times and exits the medium in random directions, thus giving a white,
diffuse colouration [33]. The three main factors that determine the efficiency of this phe-
nomenon are:
1. the refractive index ratio between the propagation medium and the scattering centres;
2. the packing and density of the scatterers (or filling fraction);
3. the size and shape of the scatterers.
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A B
Fig. 4.2 Petals of Diphylleia grayi in sunlight (A) and in the rain (B). Reproduced from [147]
with permission from The Royal Society of Chemistry.
The petals of the small herb Diphylleia grayi clearly exemplify the first point: the numerous
lacunae in-between the cells on the petals are filled with air: the difference in refractive
index between the two media causes light to be scattered, producing a white colouration
[147]. However, if it rains, the air gaps fill with water, which has a refractive index very
similar to the one of the cells. Therefore, the petals behave as a uniform medium and light
can propagate almost undeflected, thus giving a transparent appearance (Figure 4.2).
Due to the limited range of available refractive indices in biological systems, natural
scattering materials have evolved to optimise the medium’s filling fraction. In the case of
the white damselfly Pseudolestes mirabilis (Odonata) a two-dimensional random array of
tightly packed waxy fibres has been observed to efficiently scatter light as a consequence of
the nearly ideal packing of the elements [16].
Perhaps the most striking example of scattering optimisation is the white beetle genus
Cyphochilus (Figure 7.1A). The scales covering the exoskeleton show a brilliant white
colouration whilst only being 5-7 µm thick. This makes them the whitest natural material
known to date. The discovery was first reported in 2007 [135], and it has been speculated
that the white appearance helps the beetle camouflage amongst white fungi [14].
A number of research groups have tried to explain how the Cyphochilus achieves such
performance given that the biological material involved has a low refractive index, which is
not optimal for enhancing whiteness. In fact, the scales are made up of filaments of chitin,
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a long chain polysaccharide with a refractive index around 1.55-1.56 [148]. This is much
smaller than, for example, the refractive index of materials commonly used in industry to
produce white paints such as titanium dioxide or zinc oxide whose refractive indices are well
above 2 in the visible range [149, 150].
By comparing Cyphochilus scales to other white beetles whose scattering efficiency is
lower (Lepidiota stigma and Calothyrza margaritifera), it can be observed that in all cases the
filling fraction (i.e. the amount of chitin versus the amount of air) is optimised for scattering,
but in Cyphochilus the scattering centres spacing and diameters are particularly adapted for
minimising the mean free path and therefore the thickness of the scales [151].
Time-resolved measurements confirm that light is, indeed, scattered multiple times as it
propagates through the scales [14]. The flux of photons through the scales is measured as a
function of the time elapsed from the illumination of the sample. This shows a significant
time delay as compared to the time expected for light propagating ballistically. The scattering
mean free path is measured to be∼1.47 µm, roughly one order of magnitude shorter than that
of paper - a material of similar refractive index. A later work demonstrates that the anisotropy
of the chitin rod distribution is also important in the optical response: the high filling fraction
of the scales implies that some degree of angular correlation has to be introduced [152].
In fact, from SEM images it is possible to observe the anisotropy of the structure where
the chitin filaments are mostly distributed with a planar orientation (for a more extended
discussion see Chapter 7).
4.2 Design of the angular response
Disorder strongly affects the reflective properties of photonic structures. For example, by
introducing disorder in a standard multilayer, it is possible to decrease the angular dependence
of the peak wavelength. For example, in Figure 4.3C it is possible to see that the blue-shift of
the peak wavelength at 40◦, as compared to the central wavelength peak at 0◦, for an ordered
multilayer is about 90 nm while for a disordered one is roughly 50 nm. Furthermore, the
width of the peak itself is changing from about 100 nm for the periodic case to more than
200 nm for the disordered one.
In nature it is possible to find a number of systems where disorder can both disrupt the
otherwise sharp angular response - producing non-iridescent colours - or produce complex
angular effects which could not be achieved via perfectly ordered structures. The following
examples from the literature show the occurrence of such phenomena in biological photonic
structures.
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Fig. 4.3 A transfer-matrix method simulation is run for both an ordered (A, 10 layers with n
equal to 1 and 1.6 and thickness 60 and 120 nm respectively) and a disordered multilayer (B,
same n but aperiodic layer thickness going from 40 nm to 120 nm, 1 disorder realisation)
using various angles of incidence: 0◦, 40◦, and 60◦. In both cases the peak wavelength
and width of the reflectance spectrum (C) depends on the angle. However, for the ordered
multilayer the iridescence is more obvious than for the disordered system. This can be
visualised by converting the spectra to RGB colours, as shown in the circle in the panel A
and B.
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Fig. 4.4 Philepitta castanea photo (A). The light blue and green feathers show a hexagonal
photonic structure under TEM (B). The periodicity of the pattern is apparent from the Fourier
transform (C). Ramphastos toco: the dark blue feathers in the photo (D, around the bird’s eye)
contain a quasi-disordered photonic structure (E) where the spatial correlation between the
scatterers gives rise to a ring-like Fourier pattern (F). The light blue colour of the eye feathers
in Gymnopithys leucapsis (G) originates from a more disordered array (H) as shown by the
weaker Fourier spectra (I). Adapted with permission from [13], The Journal of Experimental
Biology. Scale bar: 200 nm.
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The structural colouration of avian feathers has been known for over 100 years [153] and
attributed to the quasi-random arrangement of air vacuoles in the medullary keratin [154]. In
particular, two photonic arrangements are known: in the first, channel-type nanostructures
that consist in elongated keratin bars run along air channels; in the second type, known as
"sphere-type nanostructures", spherical air inclusions are embedded in a keratin matrix.
It has been shown that these nanostructured arrays can be arranged in highly ordered two-
dimensional structures or in a completely disordered fashion [13]. This has been quantified
by taking the Fourier transform of electron micrographs and small-angle X-ray scattering
(SAXS) in a number of species (Figure 4.4). As expected, the most iridescent feather colours
are associated with the structures that are closest to ideal periodicity. Conversely, isotropic
patterns generate matte colours due to their rotational symmetry.
It is, however, more difficult to understand the behaviour of the arrays that show a
ring-like pattern in Fourier space (Figure 4.4F).
Even though ring-like patterns are isotropic, they have a strong primary peak, implying
the existence of a dominant length scale for structural correlation [12]. The resulting optical
response is rather complex: the colour is independent of the feathers’ orientation but varies
with the observation angle. Furthermore, the reflected peak wavelength blue-shifts as the
angle of incidence increases. This leads to the conclusion that the colour depends only on
the angle between the incident beam and the detector arm, which excludes the possibility
that the peak is originated by single Mie scattering (where the peak wavelength does not vary
so dramatically with the angle).
Calculating the scattering cross-section of the keratin spheres shows that the peak in the
reflectance is due to the collective interference of light scattered by many particles. The
formal mathematical expression for this effect can be found in [12]. It is interesting how a
seemingly disordered array can give rise to constructive interference due to the short-range
ordering and how this is combined with an isotropic structure to obtain a non-iridescent
response.
Disorder can also lead to angle-dependent colours that would not be achievable by
periodic structures, as described in the following example.
Out of the myriad of structurally coloured organisms Morpho butterflies (Lepidoptera) are
perhaps the most extensively studied. Their brilliant blue appearance came to the attention of
the scientific community more than a century ago but was quantified for the first time only in
1999 [155]. Each scale covering the butterflies’ wings is constituted by the repetition along
extended ridges of chitin tree-like nanostructures. The brilliant blue colouration is, in the first
approximation, due to the multilayer effect given by the chitin-air contrast. However, more
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A B C
Fig. 4.5 Photographs of a male Troides magellanus butterfly. In these pictures, the illumi-
nation source is close to the observation point. One can observe that at normal incidence
(A) only the yellow pigmentary colour is shown while at grazing incidence (B) the colour
abruptly changes to blue. A structure is generated digitally to predict the optical response
from the butterfly’s scales (C). Adapted with permission from [156], The Optical Society of
America.
subtle optical effects are due to the disorder of the structure (Figure 4.5). In fact, because of
the random positioning of the ridges on the scales the scattered fields do not add with perfect
coherence [19].
The first three-dimensional simulation of the complex Morpho structure showed how
the gradual narrowing and offset of the single tree units contribute to the wide angular
distribution of the signal [156]. However, later it was demonstrated that the placement of the
trees themselves [157] as well as the randomisation of their height [158] prevents the typical
multilayer-like angular dependence.
4.3 Polarisation effects
Disorder in a photonic structure can lead to the randomisation of the incident light’s polar-
isation as a consequence of multiple scattering. For example, polarisation measurements
on the white beetle Cyphochilus insulanus have shown that the cuticle has a low degree
of polarisation and gloss, which is a desirable characteristic in a camouflaging material
[159]. While this effect is roughly uniform in the three spatial dimensions for the white
beetle, in the white damselfly Pseudolestes mirabilis the arrangement of the waxy fibres is
random in two dimensions but ordered in the third (i.e. along the scales) [16]. Therefore,
parallel and orthogonal polarisation are reflected differently, a signature which is common in
two-dimensional photonic crystals but rather remarkable in disordered media.
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4.4 Polycrystallinity and domains
Another example of disordered architectures which have peculiar optical properties are three-
dimensional structures that show multiple domains within the crystalline lattice (Figure 4.6).
In nature, polycrystallinity is fairly common: often biological photonic crystals are composed
by a number of smaller crystallites [145]. Each of the crystallites can be approximated
by a perfectly repeating lattice, but the domains themselves can have different sizes and
orientations. Hence, a polycrystalline structure has a high degree of order within each
domain but imperfect long-range periodicity, providing colour desaturation and a more
angle-independent response.
Fig. 4.6 The blue scales attached to the black cuticle of the beetle Pachyrhynchus sarcitis are
composed by a polycrystalline three-dimensional photonic crystal, as illustrated by this SEM
image.
Diamond-like three-dimensional photonic structures in nature have been observed inside
the iridescent scales of the weevils Lamprocyphus augustus [160] and Entimus imperialis
[161]. In both cases, micron-size domains which are differently oriented guarantee an almost
angle-independent optical response.
Similarly, in some butterflies polycrystalline three-dimensional gyroids have been ob-
served. These structures were invented by Alan Shoen, an engineer at NASA (National
Aeronautics and Space Administration), in 1970. They are periodic structures of minimal
surface composed of two distinct networks intertwined: one shows a six-fold geometry while
the other is tetrahedral. Given the complexity and abstract nature of this crystal, the discovery
of its occurrence in the cuticular structures of the lycaenid and papilionid butterflies in [162]
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is truly fascinating. Later, similar structures have been found to be responsible for the optical
responses of various species such as C. rubi [163, 164], C. remus, P. sesostris [165], and
T. opisena [166]. As with the weevils, the crystalline structure is constituted of multiple
domains with variable size and orientation. Indeed, the absence of circularly polarised
reflection (which would be expected due to the inherent chirality of the gyroid network) in
the wing of C. rubi and T. imperialis has been attributed to disorder [167].
4.5 Conclusion
This chapter summarises the most recent advances in the field of disordered photonics. Two
main lessons can be learnt from this analysis.
Firstly, there are different "types" of disorder [168]. Depending on the spatial correlations
in the photonic structure, one can observe disorder on a short- or long-range scale (or both);
while depending on how the architectures form, one can define random structures as those
where the final state is completely unpredictable as opposed to deterministic structures where
the final state can be predicted if the initial state is known.
Secondly, disorder is not necessarily an undesirable feature in a photonic system [169].
In fact, some optical properties such as brilliant whiteness and metallic colourations utterly
rely on the randomness of the photonic structure.

Chapter 5
Development of structural colours in
green leaf beetles
As discussed in Chapter 1, structural colours in living organisms have been observed and
analysed in a large number of species. However, it is still not known how the micro- and
nano-scopic natural structures responsible of such colourations develop. Understanding the
interplay between chemical composition, structural morphology, and mechanical constraints
requires a range of investigative tools able to capture the different aspects of natural hierarchi-
cal architectures on multiple length scales. This Chapter1 presents the developmental study
of the most widespread strategy for structural colouration in nature: the cuticular multilayer.
The focus of this Chapter is on the exoskeletal growth of the dock leaf beetle Gastrophysa
viridula, capturing all aspects of its formation: the macroscopic growth is tracked via syn-
chrotron microtomography, while the submicron features are revealed by electron microscopy
and light spectroscopy combined with numerical modelling, using the formalism introduced
in Chapter 2.2. In particular, it is observed that the two main factors driving the formation of
the colour-producing multilayers are the polymerization of melanin during the ecdysis and
the change in the layer spacing during the schlerotisation of the cuticle. This understanding
of the exoskeleton formation provides a unique insight into the different processes involved
during metamorphosis.
1This work has been published as: Onelli, O. D., van de Kamp, T., Skepper, J. N., Powell, J., dos Santos
Rolo, T., Baumbach, T., & Vignolini, S. (2017). Development of structural colour in leaf beetles. Scientific
Reports, 7.
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Fig. 5.1 The life cycle of the G. viridula from the egg (A, day 0-7) to the adult (F) via the
larval stages (B, days 8-18:), pupa (C, days 18-25), after ecdysis (D, day 25), and the final
cuticle expansion (from E, day 26). Scale bar: 1 cm.
5.1 Introduction
Multilayer reflectors are frequently found among arthropods and are particularly common in
insects [170]. In fact, a great number of different species show structurally coloured scales
[133] or setae [171]. The most common and best understood colour-producing mechanism by
far is the multilayer reflector, which is often found in beetles (Coleoptera). These reflectors
may be located at different depths within the cuticle [145, 172], which forms a multilayered
exoskeleton (Appendix A) [173].
Being a natural fibre composite, the insect cuticle consists of chitin microfibrils embedded
in a proteinous matrix [174, 175] which usually contains pigments such as tannins or melanin.
In many iridescent insects, multilayer reflectors are generated by stratified deposition of
pigments in different cuticular layers. Depending on the pigments types and contents, the
refractive index of pigmented layers can vary significantly with respect to the chitin-protein
matrix [148].
It has long been known that the cuticle is secreted by a single-sheet epithelium [176]
whose products can vary in time during the development, giving overlying layers: the
outermost epicuticle and the underlying, thicker procuticle, which can be further divided
into exocuticle and endocuticle [174]. The development of the trabeculae (i.e. the columns
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Description
Age
(/days) Photo SR-
µCT
TEM
Micro-
graph
Spec-
trum
1. Egg 0-7 5.1A
2. Third instar larva 15-18 5.1B 5.2A,F
3. Young pupa 18-20 5.1C 5.2B,G 5.4A 5.6A
4. Imago immediately after ecdysis 25-26 5.1D 5.2C,H 5.3A 5.4B 5.6A,B
5. Imago before cuticular expansion 26-27 5.1E 5.2D,I 5.3B 5.4C 5.6A,C
6. Imago with fully developed cuticle 30+ 5.1F 5.2E,J 5.3C-F 5.4D 5.6A,D
Table 5.1 Summary of beetle’s life stages considered in this study and respective figures.
connecting top and bottom sides of the elytra) has also been investigated and reported to
begin from the dorsal cuticle, progress towards the ventral cuticle, and eventually merge
with it [177]. In contrast, little is known about the development of the photonic structures:
previous studies have concentrated on the development of butterfly scales [178–181, 166]
and bird feathers barbs [182] showing the interplay of self-assembly and biologically-driven
development. Even though the literature on metallic colouration in beetles is extensive,
describing standard multilayer reflectors [183], circularly polarising helicoids [184], chirped
broadband reflectors [145], and their taxonomic distribution [185, 186], their formation and
development has never been investigated in living specimens.
5.2 Results and discussion
Adult G. viridula beetles are collected from the meadows by the river Cam in Cambridge,
England (52◦12’41.2"N, 0◦07’43.4"E) and reared in the lab as described in [187].
The life cycle of G.viridula generally consists of the following phases: egg, three larval
stages, pupa, and imago. In this Chapter, the focus is on the formation of the cuticular
multilayer reflector in the hardened forewings (or elytra, see Appendix A) of the maturing
adult beetle and refer to the following stages in the text: egg (1), third instar larva (2), young
pupa (3), imago immediately after ecdysis (4), imago before cuticular expansion is completed
(5), imago with fully developed cuticle (6). For a summary of the stages and relative imaging
techniques refer to Table 5.1.
The eggs (Figure 5.1A) hatch 5-7 days after deposition. After feeding on dock leaves
(Rumex obtusifolius) for 9-10 days, the larvae (Figure 5.1B) molt and turn into yellow pupae
(Figure 5.1C) from which the imagoes emerge after 5-7 days of metamorphosis. The lifespan
of the adult beetles varies between 20 and 30 days. Immediately after ecdysis, the cuticle of
the imagoes is still yellow (Figure 5.1D) and even one week later, the insects’ cuticles are not
58 Development of structural colours in green leaf beetles
A B
C D
E F G IH J
Fig. 5.2 A-E: results from SR-µCT scans showing volume renderings. F-J: cross-sections of
the respective dataset. A,F: 3rd instar larva, which exhibits a soft cuticle. B,G: young pupa,
pupal skin partly digitally removed to reveal the developing elytron. C,H: imago immediately
after ecdysis. D,I: the young imago shows a fully-formed yet rucked up cuticle and the
formation of trabeculae ("tr" in the figure). E,J: old imago with a fully developed cuticle.
Scale bars: 1 mm. Image courtesy of Dr Thomas van de Kamp.
5.2 Results and discussion 59
fully expanded (Figure 5.1E) resulting in a weaker colouration compared to those of older
adults (Figure 5.1F).
In order to anatomically characterize the development of the beetles, SR-µCT scans of
selected developmental stages are performed (Figure 5.2). The larvae do not exhibit wings
but rather a soft, non-sclerotised cuticle (Figure 5.2A, F). The elytra begin to form in stage 3
(Figure 5.2B) and continue during stages 4 and 5 (Figure 5.2C, D). However, the cuticle in
stage 4 (Figure 5.2H) is still considerably softer and thinner (1.0-1.5µm) than in the adults
(4.0-4.5µm) in stages 5 and 6 (Figure 5.2G, J). In stage 4, the trabeculae are seen to originate
dorsally (Figure 5.2H). It is only at a later stage that they start merging with the ventral
cuticle (Figure 5.2I). Confirming the results in [177], trabeculae are seen to have completely
developed and thickened in the adult (Figure 5.2J), spacing the inner and outer sections of
the cuticle, which is about 4 µm thick. Finally, in the fully developed adults (Figure 5.2E)
the cuticle is completely expanded (Figure 5.2J).
In order to resolve further details of the cuticular ultrastructure, the final stages of the
development are imaged using TEM. In particular the specimens examined are: an individual
immediately after ecdysis (stage 4), a young imago (stage 5; 5 days after emergence), and a
fully developed imago (stage 6; 10 days after emergence). In stage 4 the dorsal elytral cuticle
has an overall thickness of 1.0-1.5 µm (Figure 5.3A). The presumptive epicuticle appears
to be formed by two thin layers with the innermost being more highly electron absorbing
than the outer one (i.e. the first appear darker in the TEM images). The exocuticle consists of
two distinguishable parts: an inner section of tightly packed layers arranged in a helicoidal
fashion and outer section showing 5-7 alternating layers of varying electron densities, which
constitute the multilayer reflector. At this stage, the endocuticle has not been deposited yet.
The outer exocuticle in stage 5 appears thicker and more uniform (Figure 5.3B) consisting
of 15-20 alternating layers. The contrast between the alternating layers of the reflector is
more pronounced. In Figure 5.3 D, E it is possible to observe a helicoidal organization of
the chitinous fibres in the dark-contrasted area of the inner exocuticle. Furthermore, the first
endocuticlar layers have been deposited. In stage 6 the arrangement is similar to the earlier
stage and only an increase in the number of endocuticular layers is observed (Figure 5.3C).
As far as the architecture of the chitin fibrils in cuticle of G. viridula is concerned, one can
distinguish two types of arrangements: pseudo-orthogonal endocuticular layers (Figure 5.3F)
and a helicoidal exocuticle (Figure 5.3D,E). The pseudo-orthogonal one has been previously
reported to be common in beetle endocuticle [188–190] but does not exhibit macrofibres, as
present in several beetle species [175]. In the helicoid one can recognize alternating layers of
different electron density due to the varying orientation of the fibres.
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Fig. 5.3 TEM sections of the developing dorsal elytral cuticle ("dec" in the figure), which
illustrate the development of the endocuticle ("en"), exocuticle ("ex"), and epicuticle ("ep").
The cuticle after ecdysis (Stage 4, A) is considerably thinner than in the later stages 5 and 6
(B, C). The hemolymph space ("hs") is visible underneath the elytra. In B, the young imago
shows a more defined exocuticular multilayer reflector ("ref") and a thicker endocuticle.
The old imago, C, exhibits a fully-formed cuticle. At higher magnification, it is possible to
appreciate the structure of the inner exocuticle in (D-E) and the alternating fibril arrangement
in the multilayer reflector in (F) for the fully formed imago. Scale bar: 2 µm for A-C, and
100 nm for D-F.
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The development of the exocuticlar ultrastructure is monitored in living beetles spectro-
scopically. Figure 5.4A shows a micrograph in epi-illumination of the young pupal skin and
the cuticle of the beetle in stage 4, 5, 6 is illustrated in Figure 5.4B, C, and D respectively.
The spectrum for stages 3 to 6 is reported in Figure 5.6A. By comparing the measured optical
response with the one predicted from transfer-matrix calculations [191], it is possible to
quantify the variations of the cuticle in terms of its composition (Figure 5.6A).
The independent variables used in transfer-matrix method are:
1. the dimensions of the layers constituting the exocuticle;
2. their corresponding refractive indices.
To evaluate 1. for each stage of growth the thickness of the layers is extracted from the
TEM sections: for each pixel in the TEM images, the grey level and position are measured
using Image J (each line profile is averaged over 500 nm of cuticle) and then loaded into the
Python simulation. The initial medium is assumed to be air (nair = 1.0, infinite thickness)
while the final medium is assumed to be the same as the last point measured (infinite
thickness). The s- and p-polarisations are calculated separately and then averaged together to
represent unpolarised light. The simulation runs between λ = 400 nm and λ = 800 nm in
steps of 1 nm. The incident angle is varied between -37◦ and +37◦ in two-degree steps to
match the numerical aperture of the microscope objective. The result from each calculation is
averaged together: the Köhler illumination set-up guaranteed a uniform illumination and it is
possible to perform a linear average (see Experimental Sections 3.1.1). Figure 5.5A shows the
importance of performing such procedure to be able to faithfully model the experimental data.
20 of such profiles are averaged to recreate the experimental condition in which the spectra
are, in fact, collected from an area which is roughly 10 µm in diameter. The individual
profiles, in fact, can differ significantly as the periodicity of the multilayer is far from the
ideal case. Figure 5.5B shows a comparison between the spectra obtained by simulating the
single line profile and those obtained by averaging 20 profiles.
During the TEM sample preparation, the cuticle expanded (or contracted, for the adult
stage) by a small amount and therefore the multilayer dimensions have been corrected to
match the central reflectance peak. It is reasonable to assume that the younger stages have a
greater water content and are expected to shrink after removal from the insect. In the adult
insect (stage 6), the cuticle is already dead and hardened - therefore it does not shrink after
removal. However, during processing for TEM a little shrinkage or swelling in the primary
fix is to be expected if the effective molarity is not perfectly isotonic. The correction has
been estimated independently by matching the peak wavelength for the simulated spectra to
the experimental data (Table 5.2).
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Fig. 5.4 Micrographs of the developing cuticle. A: the yellow pupal skin encasing the imago
during pupation, when the cuticle is not yet formed. B: 3-4 days later the adult cuticle is
starting to form and is distinguishable underneath the pupal skin. The formation of trabeculae
is evident from the presence of dark invaginations. C: the imago has emerged but the cuticle is
still not fully expanded. D: 5 days after ecdysis the cuticle has reached its final conformation.
Scale bar: 1 mm.
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Description Correction
4. Imago immediately after ecdysis - 15.0 %
5. Imago before cuticular expansion - 9.4 %
6. Imago with fully developed cuticle + 5.0 %
Table 5.2 Summary of the size correction applied to the TEM images.
A B
400 600 800
Wavelength (/nm)
0
0.1
0.2
0.3
0.4
R
e
fl
e
c
ta
n
c
e
 (
n
o
rm
a
lis
e
d
)
Experimental data
Angle of incidence = 37°
Angle of incidence = 0°
400 600 800
Wavelength (/nm)
0
0.1
0.2
0.3
0.4
R
e
fl
e
c
ta
n
c
e
 (
n
o
rm
a
lis
e
d
)
Experimental data
Averaged simulation
Individual simulations
Fig. 5.5 A: the effect of taking the NA in collection of the microscope into account when
simulating the response from the multilayer. The simulated signal depends strongly on the
angle of the incident light. B: the layer thickness can vary substantially in different positions
so that the simulated signals differ significantly. By averaging multiple simulations, one can
recreate a more faithful representation of the experimental data.
The dispersion for the chitin-protein matrix refractive index n1 used in this study for all
the stages is the one measured in [192, 193]:
n1 = 1.5145+8800/λ 2, (5.1)
where λ is the wavelength of the incident light (in nm). For the melanin-contain layers the
refractive index nm is assumed to be comparable to that measured in [148]:
nm = 1.648+23700/λ 2 +0.56exp(−λ/270)i. (5.2)
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Fig. 5.6 A: the experimental spectra collected from a 10 µm spot (solid lines) compared to
the spectral response as predicted by the transfer-matrix simulations (dashed lines). B-D:
the real part and imaginary part of the refractive index as a function of the cuticle’s depth at
different stages of development of the cuticle (see legend).
For the quinone-containing layers, nq is not known but it can be roughly estimated from the
absorption spectra of quinones as reported in [194, 195]:
nq = 0.1i for λ < 510 nm
= 0.009i for λ > 589 nm
= −19936643/λ 2 +73331λ −67 elsewhere.
(5.3)
The total refractive index n2 for the pigment-containing layers is calculated using the
effective medium approximation for each stage, since the ratio between the chitin-protein
matrix and pigments changes during the development:
n2 = n1 f1 +nm fm +nq fq, (5.4)
where f1, fm, fq are the relative filling fractions for the chitin-protein matrix, melanin, and
quinone respectively. It follows that
1 = f1 + fm + fq. (5.5)
5.2 Results and discussion 65
The dispersion deducted from the minimisation of the difference between the predicted and
experimental reflectivity are illustrated in Figure 5.7A, B.
The young pupal skin (Figure 5.4A) does not show any evidence of structural colour as
its spectrum is typical for pigment absorption (Figure 5.6A). Nevertheless, this incoherent
pigmentary layer is still present immediately before the ecdysis (Figure 5.4B) and it plays a
filtering role in the measured spectrum [196]. By absorbing in the 400 - 500 nm region, the
pupal skin decreases the signal produced by the developing multilayer. Hence, the reflectivity
in this part of the spectrum is lower than the one predicted from the modelling of the Bragg
stack only (Figure 5.7C).
After ecdysis, a strong drop in reflectivity in the 530-550 nm wavelength region is
observed (Figure 5.6A) which can be explained including in the calculation the presence
of quinones in addition to melanin. These compounds have been shown to play a role in
melanogenesis - which takes place during the schlerotisation of the cuticle, as reported
in [197–199]. The presence of quinones is further confirmed by the reddish colouration
observed in the microscopic image of the cuticle in stage 4 (Figure 5.4B), as expected in
presence of this class of compounds [195, 194]. In particular, by fitting the measured spectra
with the model the relative amount of melanin and quinones in the pigmented layers in stage
4 can be estimated to be 15% and 5%, respectively. For comparison, in Figure 5.7C it is
possible to see how the predicted spectra varies when:
1. only the multilayer is contributing to the response;
2. no quinones are present;
3. the yellow pupal skin does not filter the signal;
showing that the effect of quinones must be included in order to explain the drop in the
reflectance between 500 and 600 nm.
By comparing stage 4 with 5 and 6, one can also note that the multilayer is yet not
fully developed at this stage: by plotting the complex refractive index as a function of the
multilayer’s depth, it can be observed that the contrast between the layers is low and that the
distance between them is small (Figure 5.6B-D).
In stage 5 the cuticle shows a broad reflectivity peak around 580 nm (Figure 5.6A). At
this stage, quinones are not present and the measured spectra agrees with the calculations
using a melanin content of 57% for the pigmented layers.
Finally, when the cuticle of the old imago is fully expanded (Figure 5.4D), the peak
reflectivity is considerably stronger than the one of the younger imago (Figure 5.6A). At this
stage the melanisation has completed and the final percentage of melanin contained in the
pigmented layers of chitin-protein matrix is estimated to be 79% (Figure 5.6D).
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Fig. 5.7 A: the dispersion for the chitin-protein matrix and melanin-containing layers (Equa-
tion 5.1 and Equation 5.2) and for the imaginary part of the melanin-containing layers and
quinone-containing ones (B, Equation 5.2 and Equation 5.3). C: the experimentally measured
as compared to the predicted intensity from the numerical model (see legend).
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5.3 Conclusion
The multi-scale imaging and spectroscopical study described in this Chapter allows to reveal
the different processes involved in the development of the exocuticule of a structurally
coloured beetle.
It is possible to conclude that the adult colouration of this species is achieved by an
increase in the dimensions of the layers and by their melanisation in the outer exocuticle.
Interestingly, the layer deposition and the melanisation happen in different stages. It is
particularly surprising that the latter process is observed after stage 4 when the deposition of
the endocuticle has already started. However, it is not possible, at this point, to observe the
cuticle before stage 4 with enough resolution to discern the the different layers. This could
be the subject of further investigation in the future using less invasive electron microscopy
techniques (e.g. cryo-SEM) which are more suitable for highly aqueous samples.
It can be hypothesised that even small variations during the development can result in
extreme colour differences, making these architectures suitable for quick adaptation and
species diversification - possibly faster than changing highly conserved biosynthetic pathways
for pigmentation, which are controlled by a complex set of enzymes and genetics [200]
including different gene classes for biosynthesis and spatiotemporal positioning of pigments
[201]. In comparison, altering cuticle deposition patterns appears to be a simpler approach.
This supposition is further exemplified by the occurrence of numerous repeated evolutionary
origins of multilayer reflectors in beetles [145] and also explains how closely related species,
such as in the beetle genera Eupholus and Cetonia, can produce very different colourations.
In the context of avian structural colouration it has been shown that the colouration can in
fact vary even within the same generation as a consequence of nutritional [202, 203] and
seasonal changes [204].
High resolution TEM images reveal that a helicoidal organization of chitin fibrils is
maintained in the entire cuticle [189]. However, even if the characteristic dimensions of such
helicoidal architecture do not contribute to the optical response in this case, its dimensions
(of about 800 nm) might indicate that exocuticle is predisposed to the development of chiral
Bragg reflectors [145]. However, it is important to consider that another main function of the
exoskeleton is to provide mechanical support and thus the helicoidal disposition of the fibres
could also have derived from the evolution of a mechanically strong structure.
More generally, this study sheds new insight on cuticle development: from an evolutionary
point of view, it is interesting to note that pigmented-based multilayer reflectors are very
common among different insects and other arthropods and therefore the mechanisms observed
in this case of development might be generalized to other species, since the same materials
and strategies are involved.

Chapter 6
Avian brood parasite mimics host eggs
using both pigmentary and structural
colour
Brood parasites deposit their eggs in other birds’ nests, exploiting the hosts to care for the
eggs and resulting offspring. Often, the hosts do not accept the foreign eggs and eject them
from their nest, leading to the fascinating co-evolution of parallel strategies: as the parasites
optimise the mimicry of the host egg to avoid rejection, the hosts evolve increasingly more
complex "signatures" which are harder to forge.
An example of such an arms race is the competition between the brown-backed honeybird
(Prodotiscus regulus) and its host, the spotted prinia (Prinia maculosa). The eggshells of the
host are characterised by a blue, pigmentary colouration. The parasite, however, belongs to
a lineage of birds that has laid only white eggs for a very long period of evolutionary time:
it belongs to the order Piciformes (which also includes the woodpecker, barbet, toucan and
honeyguide families), all of which nest in holes and so, as is common for hole-nesters [205],
lay unmarked white eggs. Since the common ancestor of the Piciformes is estimated to have
lived 62.9 million years ago [206], it is possible to infer that the ability to lay coloured eggs
was lost around this time. White is the default and ancestral colour for bird eggs, since in the
absence of pigment they are simply the colour of the calcite making up the shell [205].
The only known exception is the genus Prodotiscus (a member of the honeyguide family
Indicatoridae, of which all 17 species are thought to be brood-parasitic), which contains two
species. The green-backed honeyguide P. zambeziae is known to lay white or plain blue
eggs to mimic the eggs of its white- or blue-egged hosts (white-eyes, Zosterops spp.) [207],
whereas the brown-backed honeyguide P. regulus was recently discovered to lay pale blue
eggs with fine brown spotting [208]. The question, then, arises: what mechanism does P.
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regulus use produce blue colouration, given that laying coloured eggs appears to have been
lost long ago in evolutionary time?
This chapter1 explores the interplay between pigmentary and structural colours in P.
regulus and in other Afrotropical species using both pigment extraction techniques and
advanced imaging combined with numerical modelling.
It is found that P. regulus is currently able to produce the same blue pigment as P. macu-
losa. The colouration is further enhanced in brightness by a disordered structure constituted
by air inclusions randomly placed in the shell’s calcium carbonate matrix (CaCO3).
This study constitutes the first discovery of the presence of the pigment biliverdin in the
Indicatoridae family and the discovery of a photonic nanostructure within avian eggshells.
6.1 Introduction
Brood parasitism is a common behaviour in the cuckoos (Cuculiformes) and also occurs in
other bird orders such as cowbirds and finches (Passeriformes), honeyguides (Piciformes),
and one duck species (Anseriformes) [209]. These organisms have evolved complex strategies
in order to avoid host rejection, which has in parallel improved in recognising extraneous
eggs.
Perhaps the most spectacular example of this arms race is the highly-evolved mimicry
between the host and parasitic eggs. The latter have successfully forged the size and shape
of the host’s eggshells to such accuracy that one single honeyguide species (I. indicator)
has specialised in matching up to six different hosts [210]. Colours and patterns are also
perfected to avoid rejection by the host that, at the same time, matches the cuckoo efforts by
increasing the complexity of its eggshell patterns [211].
Avian vision differs from human vision as birds are more sensitive to UV wavelengths.
Studies have shown that the eggs are, in fact, matching the colours in the avian vision space
[212, 213].
The colours of the eggshells are typically due to two pigments: protoporphyrin (brown-
red) and biliverdin (blue-green) [214]. It is not clear how the patterns are formed but it is
known that the pigments are deposited on the white shell just hours before deposition and it
is speculated that the patterns are due to the rotation and speed of the egg as it passes through
the shell gland [215, 216].
1Manuscript in preparation in collaboration with Spottiswoode, C. N., Johansen V. E., Steiner L. M., Walton
J., and Vignolini, S. The authors acknowledge Jessie Walton and the late Rob Martin for the discovery of the P.
regulus population and for the samples.
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Fig. 6.1 Pairwise comparison of the host/parasite. From left to right: egg appearance, internal
nanostructure as imaged via SEM, and UV-visible spectra. Middle two photographs courtesy
of Dr Claire N Spottiswoode.
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I. indicator
P. regulus
M. pusillus
P. subflava
P. maculosa
A. imberbis
Fig. 6.2 Simplified phylogenetic
tree showing only the species con-
sidered in the present study. The
arrows go from the parasite to
its specific victim. The coloured
spots indicate the colour of the
eggshells considered here.
In this chapter, the mimicry between three pairs of Afrotropical host-parasite eggshells
that belong to closely related phylogenetic groups is discussed (Figure 6.1-6.2). In particular,
the focus is on the brown-backed honeybird (Prodotiscus regulus) that lays its eggs in the nest
of the spotted prinia (Prinia maculosa). Both eggshells show a pale blue colour which, for
P. maculosa, is thought to be a consequence of the presence of biliverdin as this pigment is
commonly found in the shells of its family (Cisticolidae) [217]. P. regulus, however, belongs
to a family where only white eggs have been reported (Indicatoridae). This species must
have therefore evolved a method to produce a blue colouration: using chemical extraction,
microspectroscopy, and computational modelling it is possible to investigate the interplay
between pigmentary colouration and structural colour which are found to contribute both to
the optical appearance of the eggs.
For comparison, the blue eggs of the tawny-flanked prinia (Prinia subflava, Cisticolidae)
are presented alongside those of their parasite, the cuckoo finch (Anomalospiza imberbis,
Viduidae). Finally, two species characterised by white eggshells are analysed, the little bee
eater (Merops pusillus, Meropidae) and its brood parasite, the greater honeyguide (Indicator
indicator, Indicatoridae).
The colouration of the eggshells is measured with optical spectroscopy to quantify the
spectral similarities and differences between the various species.
To assess whether biliverdin is present in P. regulus eggshells, the pigments are extracted
using solvents and purified via HPLC (High-Performance Liquid Chromatography). The
different fractions are then analysed with mass spectrometry (these procedure are performed
by Lisa M Steiner).
The porous nanostructure of the eggshells is observed by SEM and FIB milling is carried
out to access the full three-dimensional architecture so that the positions and sizes of the
air pores can be extracted from the images. These are used for computational modelling to
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predict whether the air inclusions play a role in the scattering of light and in the structural
colouration (simulations done by Dr Villads E Johansen).
Species Photo Spectrum
Pigment
extraction SEM FIB Simulation
P. maculosa 6.1 6.1 X 6.1 6.6C,D
P. regulus 6.1 6.1 X 6.1 6.4 6.6C,E
P. subflava 6.1 6.1 6.1
A. imberbis 6.1 6.1 6.1
M. pusillus 6.1 6.1 6.1
I. indicator 6.1 6.1 6.1
Table 6.1 Summary of the techniques used for each species and relevant figures.
6.2 Results and discussion
Table 6.1 summarises the experimental and numerical methods used for each species.
Spectroscopic investigation
As shown in Figure 6.1, the surface colours and patterns of the eggshells in the host species
are well-matched by those of the parasites (each spectrum in the plot is the average of
>10 measurements on eggs from three or more different nests). More quantitatively, the
spectra show that A. imberbis almost perfectly mimics the P. subflava eggs. Both eggs are
known to contain biliverdin, whose absorption peaks around 400 nm [218]. An analogous
absorption dip is seen in P. maculosa and P. regulus. Here, however, while the spectral shape
is very similar for both species, the intensity is higher for the parasitic one. Finally, the
comparison between the two white egg species shows a very similar spectral shape but a
different intensity.
The brown spots visible on the eggshells of P. maculosa and P. regulus (Figure 6.1) can
be measured individually using optical microspectroscopy. These areas show a spectrum
characteristic of protoporphyrin (see later, Figure 6.7A) [219]. The difference in intensity is
nonetheless present, suggesting that the brightness enhancement is not pigment-specific but
affects the entire eggshell.
Chemical composition
To assess whether the difference between P. maculosa and P. regulus is due to different
colouration strategies (i.e. pigmentary versus structural), HPLC is used to separate the
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pigment content of the eggshells by fractionating the different compounds in the mixture. As
these eggs are rare and difficult to collect, it is not possible to use the commonly-used method
of comparing the HPLC results with a calibration standard as this would require a large
amount of material. Unfortunately, this also implies that the concentration of the pigments
in the shells cannot be estimated from this experiment. However, the different fractions
collected from the HPLC procedure are accessible for further analysis using complementary
techniques [220].
Here, mass spectrometry is used to integrate the results from the HPLC for the determi-
nation of the chemical composition of the material extracted from the eggshell. In particular,
for both species the same molecular mass-to-charge ratio is measured, 583 m/z, as well as
the same fragmentation pattern. These results are compatible with the mass spectrum of
biliverdin meaning that the blue pigment is present in both species [220]. This is the first
time such pigment is found in the family Indicatoridae. The presence of the brown pigment
protoporphyrin is also confirmed by the measurement.
Anatomical study
From cross-sectional SEM imaging of the eggshells, it is possible to see that all the species
considered show a large number of air inclusions in the calcium carbonate matrix that can
act as scatterers (Figure 6.1,6.4). The thickness of the eggshells is found to be around 40-60
µm for all the species with the exception of I. indicator which shows a thicker shells (∼ 100
µm) 6.3A-B. The eggshell thickness plays a role in enhancing the brightness of I. indicator
eggshells with respect to those of its host M. pusillus: as the number of scatterers increases,
more scattering events occur, enhancing the intensity of the spectrum. It is thus possible to
conclude that the difference in reflectance between the two species is due to the different
thickness.
The air pores differ from species to species in size and packing density: P. regulus
appears to have the smallest and most densely-packed spheres, resembling the appearance
of a disordered inverse opal [221]. From the SEM images, one can extract the radii of the
spheres and their density (measured as the ratio between the area occupied by the air and
the total area of the image). To automate the process, a Python package ("Blob Detection"
from the scikit-image library) is used, as shown in Figure 6.3C,D. For each species, data is
collected from tens of images relative to three or more different eggs from different nests.
According to this analysis, air fills (31±8)% of the area in P. regulus as compared to
(19±1)% in P. maculosa. Packing efficiency is a key parameter in light scattering and the
difference in the filling fraction between the two species is a significant indicator, supporting
the hypothesis that the scattering efficiency is higher in P. regulus eggs.
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Fig. 6.3 A: M. pusillus eggshell in cross-section. B: cross-sectional view of I. indicator
eggshell. Note the different scale bar. C: SEM image showing the cross-section of a P.
regulus egg after thresholding. D: the effect of the "Blob Detection" algorithm using the
Laplacian of Gaussian approach (the red circles indicate the air pores as detected).
The size of the scattering elements with respect to the incident wavelength is also a crucial
variable for determining the scattering efficiency of a material. Measuring the diameters of
the air inclusions from SEM images is, however, affected by various sources of error. The
first effect leads to an underestimation of the sizes: the particles are sectioned at random so
that the measured diameter is not necessarily the maximum one (i.e. the cut can expose the
equatorial plane in some cases and positions close to the poles in others). However, there are
two more source of artefacts which lead to overestimating the sizes: a random section is more
likely to show the larger particles rather than the small ones; in addition, the cross-sections
are not always perfectly orthogonal to the shells surface. Hence, FIB milling is carried out to
measure directly the particles’ radii and compare them to the results from the SEM analysis.
FIB milling consists of slicing and removing thin sections from the sample in order to
expose sequential sections of the volume which are imaged using an SEM. The slice
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Fig. 6.4 A: top-view of the FIB milling site (P. regulus). B: the same site imaged after
the slicing. C: the milling site as imaged during the slicing. The area indicated by the red
rectangle is the section of the image used for data extraction. The X sign is a fiducial mark
used to align the images during post-processing. D: a sample image after post-processing. E:
histogram showing the difference between the air pores size in P. regulus and P. maculosa as
measured from SEM and FIB images.
6.2 Results and discussion 77
thickness can be measured by comparing the sample thickness before and after the
procedure and dividing by the number of slices (Figure 6.4A,B). Here, the slice thickness is
42 nm (for more details see Experimental Section 3.2).
As illustrated in Figure 6.4C, a fiducial mark is placed near the region of interest to
provide a static reference for the re-alignment of the images during post-processing. In this
way, one can correct the alignment error due to the drift of the electron (or ion) beam which
substantially affects long-exposure experiments (in this case, the images are acquired over
12 hours).
Figure 6.4C-D show how the two-dimensional images are obtained from the region of
interest. From these, it is possible to perform a three-dimensional volume reconstruction
after post-processing, as described in Experimental Section 3.2. A rendering of the obtained
volume is displayed in Figure 6.5.
Fig. 6.5 The three-dimensional reconstruction of the air inclusions as carried out using Avizo
(the volume is rotated around its vertical axis in the image sequence). The particles are
labelled using different colours. Only a quarter of the total volume extracted from FIB
milling is shown for clarity.
From the volume reconstruction one can measure the radii of the spheroids and the
coordinates of their centre-of-mass. By comparing the radii extrapolated from this procedure
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with those measured from the SEM images, it is possible to observe that the SEM protocol
overestimates the diameters by ∼20% (Figure 6.4E. Sample size: 243 for "P. maculosa
SEM", 173 for "P. regulus SEM", and 1801 for "P. regulus FIB"). It is thus reasonable
to assume that the measurements regarding P. maculosa are affected in a similar way. In
fact, the mismatch between measures carried out on two-dimensional images versus actual
three-dimensional ones is a phenomenon known in the literature [222].
Numerical simulation
As the topology of the samples is known, a computational model based on the scattering
from the ensemble can be built to test whether the two eggshells scatter light differently.
Figure 6.6A shows the average scattering efficiency for the scatterers considered individually
and for the scatterers considered as an ensemble, both are normalised to the projected area of
the particle (in the case of the ensemble this also includes shadowing effects and crosstalk).
From the results one infers that the scattering from the eggshells cannot be modelled as
the sum of the contribution from single scatterers but the whole structure needs to be taken
into account in order to include any effects due to having an ensemble of densely packed
scatterers, such as shadowing and interference. The code used for modelling is the Multiple
Sphere T Matrix simulation (or MSTM), a Fortran-90 code by Dan Mackowski based on
[223].
Running a MSTM simulation on one 20x20x20 µm3 cube filled with artificially-generated
air inclusions resembling the respective sizes and arrangement in P. maculosa and P. regulus
shows that the parasite eggshells scatter light more efficiently than the host (Figure 6.6C-E).
As the eggshells are similar in thickness, this implies that a P. regulus shell reflects more light
as compared to a P. maculosa shell, a result which agrees with the experimentally measured
spectra in Figure 6.1.
Surface effects
To further confirm that the enhanced reflectance of P. regulus is only due to multiple scattering,
the surface of the eggs is analysed. Surface effects and glossiness (or mirror-like shine) in
avian eggshells has been studied in various species that exhibit extremely smooth shells [224].
In order to exclude that the difference in scattering response of P. regulus and P. maculosa
eggshells is due to surface effects the following experiments are conducted:
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Fig. 6.6 A: the simulated average scattering efficiency (Qscattering) from the whole cluster of
scatterers as reconstructed from the FIB volume compared to the average scattering from the
single particles. B: the cluster used for the simulation in A (P. regulus, from FIB milling). C:
the comparison between the simulated reflectance for the two birds supports the experimental
data. D: the artificially-generated cluster used for the modelling in C of P. maculosa. E: the
artificially-generated cluster used for the modelling in C of P. regulus. Image courtesy of Dr
Villads Johansen.
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1. A replica of the shell’s surface is obtained using polydimethylsiloxane (PDMS) to
fabricate a cast of the surface (a method commonly used in the field of plant photonics
[225]): Sylgard 184 silicon elastomer and its curing agent (Sigma-Aldrich) are stirred
together (10:1 ratio) and poured over the eggshell. The mixture is left to harden for 24
hours at room temperature. Spectra from the replica of the eggshell and from a solid
block of PDMS of comparable thickness are collected via optical microspectroscopy.
As shown in Figure 6.7B, the surface roughness does not enhance the signal at any
specific wavelength.
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Fig. 6.7 A: measurement of the spectrum of the brown spots on the eggshells showing the
presence of protoporphyrin. B: A PDMS cast of the surface of parasitic eggs does not show
evidence of enhanced intensity with respect to a solid piece of PDMS. C-D: linear- and
cross-polarisation measurement of the eggshells showing that the scattered light is more
significantly enhanced (C) than the specular component (D).
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2. Polarisation-dependent response: if the enhanced reflection from P. regulus is due
to gloss and/or wax, the parallel polarisation channel would show a difference in
the spectra of the two species while the difference would disappear in the cross-
polarisation configuration. Conversely, if the enhanced brightness is due to scattering,
this difference would appear in the cross-polarisation set-up but not in the parallel
polarisation one. A linear polariser mounted on a rotation mount (Zeiss, 427710-
9000) is placed in the illumination light of the microscope set-up described in the
Experimental Section 3.1.1, while a second linear polariser (Thorlabs, WP25M-UB) is
mounted in the collection path. Thus, by rotating the first polariser with respect to the
other, one can acquire spectra in cross- and parallel-polarisation.
As presented in Figure 6.7C-D, the difference between the two species is noticeably
smaller in the parallel polarisation channel than in the crossed one.
The results of both experiments described above exclude the possibility that the intensity
enhancement is due to an effect from a superficial nanostructure. Thus, the brightness of the
P. regulus eggs is due solely to the increased density of air inclusions in the shells and to their
size.
6.3 Conclusion
This chapter looks at the interplay between pigmentary and structural colour in the eggshells
of three pairs of African avian species related to each other by brood parasitism. In particular,
pigment purification by HPLC and analysis via mass spectrometry demonstrates that the blue
pigment biliverdin is present in P. regulus eggshells. This is the first time this pigment is
found in the Indicatoridae family suggesting that this species might have either developed or
inherited from an ancient ancestor a mechanism to produce blue eggs as a response to the
increased evolutionary pressure.
Furthermore, the inner structure of the eggshells is analysed in detail using advanced
electron microscopy techniques showing the presence of air inclusions whose sizes are
compatible with the wavelength of visible light. Disordered structures in the cross-section of
the shells have never been reported before, as previous studies have focused on the surface
patterning of the eggshells.
As a result of FIB tomography, the complete architecture of the eggshell is revealed,
enabling the in-depth study of the light transport properties in the shells. A computational
model representative of the air pores in P. maculosa and P. regulus eggshells explains why
these differ in reflected intensity: both the efficient packing and smaller size of the inclusions
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enhance the reflectance in P. regulus, which might be a biologically advantageous effect as
it minimises the thickness needed to obtain a brilliant appearance. The spectral shape is
however very similar, as a consequence of the presence of biliverdin.
This study brings together different branches of science, from behavioural ecology to
chemistry and photonics, with multiple implications. On one hand, it successfully explains
the mechanism behind the colouration of the eggshells. On the other, it opens various
questions for future research: what is the biological role of the air inclusions? And, more
specifically, is there an evolutionary advantage in having brighter eggshells? One hypothesis
is that brighter eggs appear "healthier" to birds and thus elicit more parental care from
the hosts, as suggested in various studies [226]. Another possibility is that the enhanced
scattering reduces the amount of pigment necessary to achieve the same colouration, which
may be advantageous if biliverdin pigment is limiting or its deposition involves some other
costs to the mother or the embryo. At the present moment, the experimental limitations
described above do not allow the measurement of the biliverdin concentration but it might be
possible to address this hypothesis in the future. In addition, one could produce artificial eggs
with pores of different sizes (i.e. eggs with different scattering strength) and test whether
they are more or less likely to be rejected by the host species.
Lastly, it is not clear how the air inclusions form during the development of the eggs
and what mechanism controls their size and spatial distribution: one can speculate that air
is trapped inside during the formation of the shell and that the inclusions do not have the
time to coalesce into larger ones. Another possible explanation is that small amounts of
other organic compounds (i.e. lipids, protein, etc.) are responsible for the formation of
the air inclusions during the biomineralisation of the eggshell - a phenomenon which has
been shown to occur in analogous artificial systems [227]. In [228], a number of avian
species from various continents show the presence of similar pores in the eggshells but no
studies have yet addressed their role and formation, leaving space for further investigation.
For example, the development of the eggshell could be tracked using techniques similar to
those described in the previous Chapter in order to gain understanding of the materials and
processes involved in the formation of the air inclusions. In addition, the structural role of
the pores could be studied via mechanical and thermal testing to explore whether the optical
effect is just a by-product of a structure which is, in fact, optimised for mechanical stability
or for efficient management of external heat.
Chapter 7
The white beetle Cyphochilus - an
inspiration and template for novel
materials
The scales of the beetle Cyphochilus are the whitest natural material found in nature. This is
due to the size and architecture of their scattering elements which have evolved to achieve
the optimal combination of scattering parameters. The refractive index of the beetle’s cuticle,
however, is relatively low due to the constraints dictated by the materials available to living
organisms.
By retaining the three-dimensional structure of the white beetle and substituting the
constituent material with a higher refractive index medium, it is theoretically possible to
break into the strong scattering regime and even achieve Anderson localisation.
In this chapter, two techniques to achieve such inversion are presented; both have been
used in the past to produce highly-ordered photonic crystals [229] and rely on infiltrating the
porous network of the beetle with strongly scattering materials such as titania (TiO2), zinc
oxide (ZnO), and silicon (Si).
The specimens prepared are then characterised by optical spectroscopy and electron
microscopy with the assistance of focussed ion milling. Finally, the preliminary measurement
of the scattering mean free path using the speckle autocorrelation function is discussed in
relation to the samples fabricated.
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7.1 Introduction
As introduced in Chapter 4, the scales of the white beetle Cyphochilus are the most scattering
low-refractive index material known to date with a mean free path of (1.47 ± 0.07) µm [14].
The scales are made of chitin and cover the entirety of the beetle exoskeleton. The scales
can be easily detached for analysis using a pair of tweezers. Each scale is roughly 20-30 µm
wide and 100 µm long (Figure 7.1A,B). Their thickness has been measured to be between 5
and 10 µm [14]. By sectioning an individual scale using a scalpel and imaging the exposed
cross-section with an electron microscope it is possible to see that, underneath the smooth
surface that encases the scale, chitin is arranged in a complex and interconnected network
of rods and voids, as illustrated in Figure 7.1C. The rod length, (1.1±0.4) mm, as well as
their diameter, (330±160) nm, varies greatly from strut to strut. The overall filling fraction is
(45±6)% [20]1.
The whiteness of the Cyphochilus beetle compared to other materials is striking both
in terms of its intensity and wavelength-independence (with the exception of wavelengths
around 400 nm where the reflectance is lowered by the presence of absorbing pigments).
Figure 7.1D shows a direct juxtaposition of the reflectance spectra from various materials.
The spectra are collected by optical microspectroscopy using a large numerical aperture (NA
= 0.95): as light is scattered in a random direction when impinging on a disordered medium,
it would not be collected by a microscope objective with a smaller angular range (see also
Experimental Section 3.1.2).
The spectra are normalised using a white standard diffuser (LabSphere USRS-99-010)
that scatters >99% of light. The diffuser is made of Spectralon®, a porous thermoplastic
resin. Its angular performance has been tested to be Lambertian (that is, angularly isotropic
[230]). The scattering in this material is thus engineered to provide a point of reference for
other white materials but it is not in itself the most efficient scatterer: it is a few millimetres
thick so that its scattering performance derives not only from the strength of each scattering
event but is improved by having a large thickness so that multiple scattering events can occur.
Another example where it is the thickness that is responsible for the white appearance is
the case of polar bear hairs (Ursus maritumus, hair borrowed from the Scott Polar Research
Institute, Cambridge). The single hair is very close to being transparent as it is clear from
its reflectance (Figure 7.1D). However, polar bears appear white to the naked eye as a
consequence of having multiple layers of hairs superimposed on top of each other [231–233].
1Related publication: Wilts B. D., Sheng X., Holler M., Diaz A., GuizarSicairos M., Raabe J., Hoppe R.,
Liu S. H., Langford R., Onelli O. D., Chen D., Torquato S., Steiner U., Schroer C. G., Vignolini S., and Sepe A.
(2017) Evolutionary optimized photonic network structure in white beetle wing scales. Advanced Materials.
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Fig. 7.1 A: photograph of two Cyphochilus specimens. B: dark-field micrographs of
Cyphochilus scales (detached and mounted on a glass slide). C: the inner architecture
of the scale shows an interconnected array of chitin filaments (SEM image adapted from [14]
under CC-BY license). D: a comparison between a number of common white materials and
the white beetle (NA in collection = 0.95).
Common white paper is also a random medium where the cellulose fibres are arranged
in a disordered fashion producing scattering and thus whiteness. Figure 7.1D shows that
the reflectance of standard filter paper (Whatman® Grade 1) is also lower than that of the
beetle even though the thickness of the sheet is around 100 µm and the refractive index of
cellulose is comparable to that of chitin. This is due to the fact that the cellulose fibres are
not optimised for light scattering in terms of their size and spatial distribution [56], while the
Cyphochilus scales are highly specialised.
To get an insight into whether evolution has in fact selected the best combination of
scattering parameters (such as filling fraction, refractive index, etc.) to produce the whitest
material possible, one can run computational simulations varying each parameter in turn and
compare the predicted reflectance with the one measured from the beetle cuticle. To do so,
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however, it is necessary to know the full three-dimensional structure of the random network
with sub-micron resolution.
Due to the softness of the chitin network, this cannot be achieved by FIB milling which
significantly affects the structure (see later discussion and Figure 7.3). Hence, advanced x-ray
techniques have been used in [20] to image the structure. A custom set-up is used to overcome
the resolution and field of view limitations of conventional x-ray tomography. In particular,
a ptychographic technique is used to retrieve the data from the volume. Ptychography is
based on scanning the sample using adjacent probes whose spots overlap significantly. The
redundancy in the diffraction pattern can be then used to improve the reconstruction algorithm
both in speed and in resolution [234–236]. In addition, the experiment is carried out at 92 K
to prevent sample deformation.
Once the structure is known, it is possible to test numerically various parameters, as
summarised in Figure 7.2. This is achieved using a Finite-Difference Time-Domain (FDTD)
simulation, a technique also known as "Yee’s method" after its inventor [237]. FDTD
modelling relies on a grid-based approach: the structure of interest is divided into smaller
regions (or "elements" - the simplest meshing consists of dividing the structure into small
cubes). Maxwell’s equations are solved at each element’s boundary and propagated through
the whole volume to obtain the complete solution. This method is extremely versatile and
robust, providing a prediction of a medium’s response in both time and frequency domains.
The first scattering parameter explored is the structure anisotropy and, in particular, the
relationship between the network’s orientation and its reflectance. As mentioned in Chapter
4, the white beetle structure is highly anisotropic, with the rods oriented mostly in-plane.
This is further confirmed by the simulation where the reflectance differs by∼20% for the two
orientations (Figure 7.2A). In particular, the most reflective direction is the most biologically
relevant (i.e. out-of-plane). This is an indication that the anisotropy in the system could be
an evolutionary-favourable trait.
A further simulation also indicates the importance of the anisotropy: upon stretching
(that is, making the structure more isotropic) the reflectance does not improve significantly.
In other words, the beetle configuration guarantees a highly visible whiteness whilst using
minimal thickness. In principle, the anisotropy can also be increased by compressing the
structure but this leads to a decrease in intensity as a consequence of the reduced thickness
and optical crowding [14] (Figure 7.2B).
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Fig. 7.2 Reproduced from [20] with permission from Wiley (2017). A-E: FDTD-simulated
optical response for the Cyphochilus structure as a function of illumination direction (A),
deformation (B), scaling (C), change of filling fraction (D), and refractive index (E).
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Likewise, scaling up or down the structure does not promote strong scattering (Figure
7.2C). In fact, the reflectance decreases sharply when the thickness decreases, to the point
that the scale would become transparent. However, scaling up the network does not improve
significantly its performance either. Thus the beetle achieves the strongest whiteness whilst
constraining thickness and amount of material used.
Similarly to the previous cases, increasing the filling fraction does not strongly affect the
reflectance (Figure 7.2D). This observation suggests that the beetle cuticle is minimising the
material used whilst achieving the strongest response - which would not be possible with a
lower filling fraction.
The refractive index, however, is seen to strongly affect the scattering properties of the
Cyphochilus beetle (Figure 7.2E). As expected, a low refractive index is not desirable for
strong whiteness. In contrast, a high refractive index is optimal for enhancing white coatings.
However, due to the limited availability of high refractive index materials in living organisms,
the beetle is constrained in this direction: chitin’s refractive index does not exceed 1.55-1.60
(depending on the wavelength) [148].
Artificially, however, it is in principle possible to substitute the chitin component of the
network with a higher refractive index material such as titania or silicon whilst retaining the
optimised architecture of the beetle.
In this chapter, two approaches based on the use of the Cyphochilus beetle as a template for
producing strongly scattering high-refractive index materials are introduced. The first relies
on coating the chitin rods with a thin layer of TiO2 and then removing the original polymer,
while the second consists in a double-inversion process to produce silicon-based structures.
The samples fabricated using these two methods are then characterised microscopically and
spectrally to assess the effect of the enhancement in reflectance. A direct estimation of the
change in scattering mean free path is, however, more difficult and a few techniques are
discussed at the end of the chapter.
7.2 Results and discussion
The first step towards either the thin-shell titania coating or the double-inversion of the beetle
network methods is exposing its inner structure. In other words, the smooth chitin surface
that encases the random structure needs to be removed to access the interior in order to
deposit other dielectric materials in the air gaps.
Initially, FIB milling is used to separate the upper surface from the random network.
Multiple cuts using a low ion current allow the selective removal of the upper surface. Figure
7.3A shows a scale where the process has been carried out by cutting five rectangular sections
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from the surfaces using the current and voltage parameters described in Experimental Section
3.2. The porous structure has, however, been partially damaged in the process: FIB milling
is not a suitable technique for this material due to the high degree of porosity of the latter
(Figure 7.3B). In addition to the beam damage, the process is slow - taking up to a few hours
to open each scale - and expensive.
Better results are obtaining using a plasma etcher to selectively remove the upper chitin
lamina [238]. It is found that a mixture of 20% Oxygen (O2) and 80% Argon (Ar) is effective
in the removal of the upper membrane if applied for 9-10 minutes. An example of a scale
open using plasma etching is shown in Figure 7.4B (see Appendix C for the experimental
details).
Plasma etching offers a number of advantages as compared to FIB milling: it is a fast
technique that allows the opening of hundreds of scales at the same time. It is not as locally
accurate as FIB cutting but it is less invasive and it does not damage the sample. Once the
scales are open it is possible to infiltrate them using various materials.
A B
Fig. 7.3 A: a Cyphochilus beetle scale where the inner structure has been opened by perform-
ing 5 rectangular sections via FIB milling. B: enlargement of an exposed area showing the
damage caused by the ion beam.
In order to obtain a TiO2 replica of the structure, the open scales are covered with a
TiO2 layer. Then, the chitin component can be removed by calcination (i.e. by heating up
the samples in a controlled atmosphere). The process is summarised in Figure 7.4A. This
method is based on [229] where a TiO2 thin shell (about 10-20 nm in thickness) is formed
by atomic layer deposition (ALD) on polymeric templates obtained by direct laser writing
(DLW) lithography. The polymer is then removed by heating the sample up to 480◦C. The
polymer removal causes shrinkage of the TiO2 network which thus formed a ultra-low density
network. The resulting structure is then coated with a layer of amorphous silicon of the
desired thickness [229, 239].
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Fig. 7.4 A: schematics of the thin shell coating process where the chitin structure is first
coated with a thin layer of TiO2 and then heated to remove the initial polymer. B: top-view
of a scale opened using plasma etching. Some debris is present on the surface. C: the same
scale after TiO2 deposition and calcination. D: reflectance of the samples before and after
the thin coating procedure (collection NA = 0.95).
In the case of the Cyphochilus scales, 16 nm of TiO2 are deposited on the chitin network
(for the specific parameters see Appendix C). The procedure produces a uniform thin layer
of titania, as shown in Figure 7.4B,C.
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After calcination at 480◦C, however, the structure is not seen to shrink as expected. Even
when the heat treatment is prolonged to more than ten hours, the structure is not observed to
change. This result is surprising if one considers that the thermal gravimetric analysis (TGA)
of chitin fibres shows the onset of decomposition at 158◦C and degradation of up to 50%
of the starting material at 353◦C [240]. However, a plausible explanation is that the chitin
fibres degrade rather than melt at high temperatures. This is in contrast to the behaviour of
photo-resists whose thermoplastic properties lead to shrinkage during the annealing phase
[241].
As a consequence of the lack of shrinkage, it is not possible to continue the procedure as
presented in [229] because the resulting structure would have a very high filling fraction and
thicker features than those needed for enhanced scattering in the visible range. The samples
produced are, however, uniform in coating and reproducible - showing the possibility of
fabricating a porous random network of titania. Therefore their optical response is further
investigated using optical microspectroscopy: in Figure 7.4D it is possible to see that the
titanium dioxide-based sample has a higher reflectance than the original Cyphochilus scale.
The enhancement is greater for the shorter wavelengths (400-600 nm) while at longer
wavelengths the signal decreases, most probably due to dispersion of the titania refractive
index which varies from 2.68 for wavelengths around 400 nm to 2.31 at 1000 nm [149].
It can be concluded that the thin titania shell is a viable approach but it requires further
exploration in order to be optimised for chitin templates and to be extended with the use of
silicon as the final material for applications in the infrared.
As the titania shell method does not yield the desired results, a double-inversion process
is attempted (summarised in Figure 7.5A). The first report of this kind of double-inversion
method is in the context of photonic crystals where a "woodpile" structure produced by DLW
is inverted twice to obtain a replica in silicon (high quality hydrogenated amorphous silicon,
a-Si:H) [242].
Similarly, open Cyphochilus scales are opened to expose the random network for infil-
tration. The first step is to deposit a thick layer of zinc oxide (ZnO) until the air gaps in the
structure are filled. TiO2 can also be equivalently used but the slow deposition rate for this
set-up would prolong the process.
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Fig. 7.5 A: schematics of the double-inversion process whose chitin network is first infiltrated
with ZnO and then with Si. B: cross-section of a scale after the ZnO deposition and heat
treatment. C: the amorphous silicon starts to diffuse through the ZnO network (dark grey areas
versus light grey areas). D: the reflectance of the samples at different stages of preparation
(collection NA = 0.95).
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As mentioned earlier, the gaps vary greatly in size and therefore a coating of at least 800
nm is needed to ensure that even the larger spaces are filled. This is achieved, however, at
the expense of overfilling the smaller gaps so that, by the end of the procedure, the structure
is covered by a ZnO layer on the top surface as well as underneath the sample holder (a
calcium fluoride slab, CaF2). This shortcoming can be remedied by removing the superfluous
layer via plasma etching. The etching is carried out in a step-wise fashion, incrementing
the plasma time until inspection by SEM confirms that the upper layer has been removed
(typically over 6-8 hours).
At this point the original chitin framework can be removed by heat treatment (420◦C for
4 hours). In Figure 7.5B it is possible to see that the ZnO has indeed filled the air gaps and,
by removing the chitin, the structure obtained is the inverse of the original - as shown by
FIB/SEM inspection. In fact, in this case it is beneficial that the chitin does not shrink at high
temperature as, in this way, the photonic network features are preserved in size.
The scattering from this ZnO structure is not optimal: the filling fraction is now about
55% (i.e. the inverse of the beetle’s) which can lead to optical crowding, especially for
materials that have high refractive indexes such as ZnO (n ∼1.93 for visible wavelengths
[150]). It is nonetheless interesting to see that the optical response is almost perfectly flat
(i.e. wavelength-independent) for this inverse structure (Figure 7.5D) as consequence of the
weak dispersion of the zinc oxide’s refractive index.
The next step is the deposition of silicon using chemical vapour deposition (CVD). The
silicon phase should completely fill the space that is originally occupied by the chitin so that
the silicon thin film should be at least 400-450 nm in thickness. This implies that a thin layer
of excess silicon will cover the structure and its substrate after the procedure. The upper
layer can again be removed by careful plasma etching in conjunction with SEM inspection.
The bottom layer is removed together with the ZnO inverse structure via wet etching with
hydrochloric acid (HCl, added drop-wise).
The optical characterisation of the structure shows a wide absorption dip in the wave-
length region between 400 and 800 nm (Figure 7.5D), as expected for amorphous silicon
[243]. More interestingly, the reflectance for longer wavelengths is well above 90%, confirm-
ing that this materials has promising applications in the infrared wavelengths.
In Chapter 2.3.1, the scattering mean free path, ls, has been introduced as a parameter for
the evaluation and comparison of the performance of white materials. Three main techniques
for the measurement of ls are discussed: the integrating sphere, the speckles autocorrelation,
and the backscattering cone. In the case of the Cyphochilus scales it is extremely challenging
to evaluate ls for a number of reasons.
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Fig. 7.6 Block diagram representing the set-up for the speckles autocorrelation experiment.
The laser beam is first expanded by lenses L1 and L2 (the pinhole acts as a spatial filter for
cleaning the beam) and then focused on the sample using lens L3. A microscope objective
with a large NA is used to collect the speckles at the other end of the sample. Lens L4 and
the second pinhole act as a Fourier-space filter. Finally, lens L5 focuses the speckle pattern
on the CCD which is connect to a computer. The laser frequency is tuned by changing the
temperature of emission and measured by the oscilloscope via an etalon (or Fabry–Pérot
interferometer).
First of all, the scales are available only in their native thickness, meaning that integrating
spheres measurements of the scattering mean free path are not possible as these require
having specimens of different thickness to perform a linear fit.
The backscattering cone approach also poses serious challenges as the scattering mean
free path is expected to be very short. In fact, the scales are thin compared to the scattering
mean free path implying that only a small number of scattering events occurs in each scale.
The enhancement of the intensity in the backscatter direction is the result of the interference
of multiple light paths and it is therefore not very noticeable if constituted only by very few
scattering events. In addition, the single scales are just tens of micron wide and thus it is
necessary to use a very small illumination beam for the experiment. This implies that the
probability of having long scattering paths is very small and therefore the peak of the cone
will not be as sharp as predicted in the ideal case making it difficult to detect.
As a consequence, the autocorrelation method is chosen to carry out the analysis. It is
difficult to measure the signal from a single scale due to its small lateral dimensions, but this
can be overcome by mounting the scale on a non-scattering transparent surface (e.g. a glass
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sample holder) and slide the sample in front of the illumination path: when a speckle pattern
is detected, the scale is in focus. Conversely, when the laser beam is illuminating the glass
slide, no pattern will be seen as light propagates ballistically though glass.
Wavelength shift, Δλ (\nm)
Frequency shift, Δω (\GHz)
20 40 60 80 100
A
 - TiO2 beetle replica (predicted) -  Cyphochilus beetle (predicted)
A
Wavelength shift, Δλ (/nm)
Frequency shift, Δω (\THz)B
Fig. 7.7 A: simulated autocorrelation function for the Cyphochilus beetle and the TiO2-
coated replica as a function of frequency shift (bottom x-axis) and wavelength (upper x-axis).
The thickness of the sample is assumed to be 8 µm and its refractive index 1.56 for the
beetle and 2.4 for TiO2, the model is based on Equation 2.54. B: experimentally measured
autocorrelation function for the titania shell beetle replica. F2 is fairly constant over the
probed range. Hence, it is not possible to obtain an estimation of ls.
Figure 7.6 shows a set-up for the analysis of the correlation between speckles patterns.
The light source is a laser diode whose frequency can be finely tuned (see later discussion).
The beam is expanded and spatially filtered (i.e. cleaned of artefacts) by a lens-pinhole
system (L1 and L2 in Figure 7.6). Then, a 50:50 beam splitter divides the beam path into
two branches. One branch is used to monitor the output frequency of the laser by analysing
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the light beam with an etalon (also known as Fabry–Pérot interferometer) which acts as an
optical resonator. The signal transmitted through the etalon varies periodically as a function
of the laser’s wavelength and can be measured with an oscilloscope to detect the periodic
oscillations and thus infer the laser’s frequency.
The second branch of the light path is aligned so that to illuminate the sample at normal
incidence via the adjustment of the two mirrors. Lens L3 focuses the beam on the specimen
and a microscope objective with a large NA collects the transmitted information. The signal
is filtered in Fourier space by a pinhole mounted in the Fourier plane of lens L4. Finally,
the speckle pattern is focused on the CCD and transmitted to a computer which collects the
images.
The autocorrelation method consists of recording images of the speckle pattern for a
sample as the laser frequency changes. Each pattern must be associated to the exact same
sample position or the result will not be accurate. Once multiple images are collected
(typically, more than one image is collected for each frequency to reduce errors), it is possible
to analyse them and plot their correlation as a function of the frequency shift (Figure 7.7B).
As predicted by Equation 2.54, the correlation function F2 decays very slowly with the
frequency shift, due to three factors: the short scattering mean free path, the small thickness,
and the low refractive index. In practice, the computational simulation shows that the required
frequency range spans several terahertz. This implies that, in order to be able to correctly
interpolate the function F2, it is necessary to utilise a laser whose wavelength is tuneable in
steps of about 0.01 nm whilst covering a range of 1-2 nm in total.
This frequency requirement is hard to meet using currently available lasers. On one
hand, most super-continuum laser sources are characterised by wavelength steps about 1
nm which would not be able to resolve the first part of the curve in Figure 7.7A. On the
other hand, tuneable laser diodes usually have much finer steps (∼GHz) but are not able
to sweep such a large frequency range. As shown by the experimental data in Figure 7.7B,
a laser with step size equivalent to 27.5GHz is only able to probe the very first part of the
curve which is not sufficient to extrapolate ls. A possible solution would be to use a laser for
telecommunications, as this type of device has the required wavelenght span and step-size
[244].
7.3 Conclusion
This chapter revolves around two main concepts: the extraordinary scattering properties of
the white beetle Cyphochilus and the methods to use its scales as a template for the fabrication
of novel materials.
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The genus of Cyphochilus beetles is shown in the literature to be the whitest low refractive
index material: compared to similar materials the optical response is intense and wavelength-
independent. As the bettles exploit their colouration to camouflage amongst white fungii
[14], such strong scattering optimisation might be the result of the evolutionary pressure
that leads towards obtaining the whitest coating for camouflage whilst using the minimum
amount of material, as demonstrated by FDTD simulations. However, it could also be argued
that the structural requirements for minimal material usage are driving the evolution of
the Cyphochilus and the enhanced whiteness is a by-product of such process. As fossil
evidence is absent for these white beetles, it is not possible to perform a direct evolutionary
investigation. Nonetheless, it would be possible to perform a similar simulation study of
the mechanical stability of the chitinous network when subjected to analogous changes (e.g.
unilateral deformation, scaling, etc) and assess whether the structure is, in fact, mechanically
optimised.
In particular, as the beetle has limited access to high refractive index-materials, it is the
nanostructure of the scales that strongly enhances the scattering. The recent advances in
the field of x-ray microscopy have made it possible to observe the full three-dimensional
arrangement of the fibres and understand what features are the most important towards the
optical properties of the white beetles.
By combining the optimised architecture and shape of the scattering elements in the
Cyphochilus beetle with highly scattering materials one can improve upon the beetle’s
performance. This can be achieved by using both single- and double-inversion techniques.
The two techniques described in this chapter lead to the production of titania- and silicon-
based replicas of the random chitin network. In both cases, the procedures are complex and
involve a number of steps that will require further optimisation in the future. However, the
preliminary results presented here show the proof that such techniques are viable towards the
production strongly scattering materials and constitute a possible route to the realisation of
Anderson localisation in a three-dimensional volume.
In addition, it has to be pointed out that the characterisation of such strongly scattering
specimens compels the research in this field to the boundary of the available experimental
techniques. Due to the microscopic dimensions and short mean free path of the scales,
the current methodologies are not suitable and further studies in this direction are needed -
especially in terms of range and sensitivity of tuneable lasers for carrying out measurements
of the scattering mean free path.
Another limitation of the method presented here is that the use of the white beetle as
a template, whilst suitable for testing theoretical concepts in the field of multiple light
scattering, is not a viable fabrication route for industrial applications. In the next chapter, a
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scalable method for producing Cyphochilus-inspired white materials starting from cellulose,
the most abundant natural polymer on the planet [245], is described.
Chapter 8
Anomalous diffusion of light in white
beetle-inspired cellulose nanofibril
membranes
The understanding of the interaction between light and complex, random structures is key
for designing and tailoring the optical appearance and performance of many materials that
surround us, ranging from everyday consumer products, such as those for personal care,
paints and paper, to light diffusers used in LED-lamps and solar cells. This chapter aims
to demonstrate that light transport in membranes of pure cellulose nanofibrils (CNF) can
be controlled to achieve bright whiteness in structures only a few microns thick1. This is in
contrast to other materials, such as paper, which require hundreds of microns to achieve a
comparable appearance. The diffusion of light in the CNF membranes is shown to become
anomalous by tuning the porosity and morphological features. Considering also their strong
mechanical properties and biocompatibility, white coatings are proposed as a new application
for cellulose nanofibrils2.
8.1 Introduction
Whiteness is achieved when light is elastically scattered multiple times in random media, as
explained in Chapter 2.3. In general terms, the higher the number and the strength of the
1This work has been accepted for publication as: Onelli’, O. D., Toivonen’, M. S., Jacucci, G., Lovikka,
V., Rojas, O. J., Ikkala, O., and Vignolini, S. Anomalous Diffusion-Assisted Brightness in White Cellulose
Nanofibril Membranes. Advanced Materials (2018). ’These authors have contributed equally to this work.
2Patent filed: Vignolini, S., Toivonen, M. S., Onelli, O. D., and Ikkala, O. Highly scattering porous material
based on fibrillar, elongates, or disk-like particles.
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scattering events, the brighter the material appears [246]. This simple principle explains why
many commercially available white products, such as paints and sun creams, are typically
formulated with high refractive index nanoparticles (e.g. TiO2) as scattering enhancers [247].
The use of such promoters improves the scattering efficiency of the material, and therefore
reduces the volume required to obtain fully opaque white coatings. However, the widespread
use of TiO2 particles as scattering enhancers, for example in food, cosmetics, and paper,
has recently raised serious health and environmental concerns [248, 249]. Therefore, there
is a real need to improve scattering efficiency using more sustainable and biocompatible
materials [56, 39].
In the previous chapter it has been shown how scattering is optimized in the white beetle
Cyphochilus by the intricate design of the morphology and the spatial arrangement of the
scattering elements [135, 151, 14]. Dense random networks of nanofibres allow efficient
packing and represent a particularly convenient strategy to optimize brightness in thin
coatings due to the intrinsic polydispersity and anisotropy of the scattering elements. Fibrillar
nanomaterials, such as cellulose nanofibrils (CNF), are therefore promising candidates due
to their inherent morphology. Furthermore, their excellent mechanical performance, wide
availability, renewability, and biocompatibility provide additional benefits of choosing such
fibres [250–254]. However, paradoxically, research on the optical properties of CNF-based
materials has focused on the optimization of their transparency [255, 256]. Therefore, the
possibilities of using CNF to construct an efficient scattering medium have not been explored,
although recently their potential for high-haze diffusive optical elements for optoelectronic
applications has been recognized [257].
A scalable and versatile approach for light management in CNF membranes is presented
here. By inducing appropriate porosity and tuning the size distribution of the CNF in the
membranes, it is possible to modify their nanostructure and easily produce membranes
with completely different optical appearance: from thick, highly transparent membranes to
thin, bright white ones. The produced membranes are mechanically stable as they retain
the amorphous domains and hemicelluloses of natural cellulose fibres, in contrast to films
based on cellulose nanocrystals which are significantly more brittle [56, 258]. Finally, it is
observed that light transport in strongly scattering CNF membranes unexpectedly undergoes
anomalous diffusive behaviour.
8.2 Material fabrication
The membranes are prepared by Matti S. Toivonen (Aalto University). Membranes with
different scattering properties are obtained by fractionating a CNF dispersion with a wide
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Fig. 8.1 A: schematic diagram of the differential procedure to separate the various CNF
fractions. B: the turbidity of the solutions increases with the increasing size of the fibrils
from the finest (leftmost) to the coarsest (rightmost). The concentration is the same in all
images (0.9 g/L). C-E: the membranes that are dried directly from water (on the left in each
photograph) appear transparent as they lack the porosity of the membranes dried from octane
(on the right) whose opacity increases with the fibrils’ size going from the finest (C) to the
coarsest (E). Images courtesy of Matti S. Toivonen.
distribution of fibril diameters via a sequential centrifugation procedure, as schematically
illustrated in Figure 8.1A. The finest fibrils (i.e. smallest diameters) are first isolated from the
original CNF dispersion by repeated centrifugation, collection of the supernatant, dilution,
and homogenization. Subsequently, the same procedure is repeated at a lower centrifugal
speed in order to isolate a dispersion of slightly thicker fibrils, which is referred to as “medium
fibrils” in the rest of the text. Finally, the sediment is collected, diluted and homogenized. The
fibrils in this last dispersion are referred to as “coarsest fibrils” in the following discussion.
The presented sequential centrifugation process results in the three dispersions of fibrils
(Figure 8.1B).
For a fixed concentration, the turbidity of the dispersions correlates with the expected
average fibril size. The distribution of the fibril diameters for the three dispersions are
estimated by Atomic-Force Microscopy (AFM, Figure 8.2) By measuring the diameters of
more than 500 fibrils of each dispersion, it becomes apparent that their distributions follow,
in first approximation, a log-normal statistics with a long tail, especially for the coarsest
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fibrils. The mean (and respective standard deviation) of the log-normal distributions of the
fibril diameters in the three dispersions are 4.2 (2.7), 5.6 (3.2), and 19.5 (13.2) nm, going
from the finest to the coarsest fibrils.
A B C
D E
F GG
Fig. 8.2 AFM micrographs. A-C: finest fibril. D-E: medium fibrils. F: coarsest fibrils. G: the
fibrils populations vary considerably in size and polydispersity. Measurements by Matti S.
Toivonen and Ville Lovikka. Images courtesy of Matti S. Toivonen.
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Fig. 8.3 The width of the pores varies greatly between the transparent and white membranes.
The model assumes cylindrical pores. Measurements by Matti S. Toivonen and Ville Lovikka.
Images courtesy of Matti S. Toivonen.
Porous membranes from the fractioned CNF dispersions are then prepared as described
in an earlier work [259]. In summary, the dispersion is vacuum filtered into a wet gel
cake, followed by solvent exchange from water to 2-propanol, and further to octane, after
which the gel cake is slowly dried in ambient conditions. Photographs of the resulting porous
membranes of equal thickness (∼10 µm) prepared from the dispersions of the finest, medium,
and coarsest fibrils are shown in Figure 8.1C-E (right). The membranes prepared from the
finest, medium, and coarsest fibrils are referred to as the “transparent”, “semi-transparent”,
and “white” porous membranes, respectively.
The solvent exchange step is crucial for the porosity, and the consequent whiteness.
For comparison, dense CNF films prepared from an equal volume of the corresponding
dispersions which have been dried directly from water without the solvent-exchange process
are displayed in Figure 8.1C-E (left). The thicknesses of the dense, water-dried films are
approximately half of those of the porous, octane-dried membranes, while the masses and
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lateral dimensions of the samples are nearly the same, indicating that the density of the films
dried from water is approximately double of the porous membranes dried from octane.
The reason for the densification of the CNF films upon drying from water is the combi-
nation of the capillary pressure of the evaporating water and the disruption of the hydrogen
bonding network at the intersections of fibrils by water [260, 261]. When the solvent is
exchanged to octane, the hydrogen bonding network between the fibrils is no longer disrupted
by the solvent and the fibrils can be considered physically cross-linked, thus allowing the
microstructure to resist the capillary pressure without collapsing [259, 262, 263].
The densities of the porous membranes are comparable and in the range (0.81±0.16)
kg/m3. However, the porosity characterization by nitrogen physisorption revealed a different
distribution of pore sizes. The transparent membranes show the highest specific surface area
(190±4) m2/g and smallest pores, followed by the semi-transparent membranes with a lower
specific surface area (175±6) m2/g and slightly larger pores, while the white membranes
show the lowest specific surface area (122±3) m2/g and the largest pores. The pore size
distributions are shown in Figure 8.3.
8.3 Results and discussion
Total reflection spectra for the three types of membranes at a thickness of approximately 9
µm are reported in Figure 8.4A. The white membrane – which is only 9 µm thick - notably
exhibits a high broadband reflectivity (60-80%) for most of the visible range, reaching up to
90% for the shorter wavelengths, with a wide-angular scattering distribution (Figure 8.4D).
To fully characterize light transport in such systems, the total transmittance is measured as a
function of the sample thickness (Figure 8.4B). Figure 8.4C shows that the light transport
in the transparent membrane can be described by diffusion approximation theory, with a
scattering mean free path of about (13.5±0.5) µm (still twice better than the value used for
commercial paper which is approximately 25 µm [14]).
Surprisingly, the diffusion approximation, which generally describes the behaviour of
the majority of scattering materials, fails to describe the data obtained for the other two
membranes. Therefore, to explain the experimental results the extended formalism has been
adopted, describing light transport in super-diffusive and sub-diffusing systems as presented
in Chapter 2.3.
In Equation 2.51, α is the parameter that describes the diffusion behaviour and A is a
constant which depends on the scattering mean free path, the extrapolation length and the
absorption (the latter is negligible for cellulosic fibres [264]). The data for the transparent
samples is nicely fitted with α = 2 (i.e. normal diffusion), while those for the two other
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Fig. 8.4 A: total reflection of the membranes versus incident wavelength. B: total transmission
versus thickness fitted according to Equation 2.51 (black lines - the grey lines represent the
confidence interval). C: fits using two alternative approaches do not satisfactorily describe
the transmission through the white and semi-transparent membranes. D (by Gianni Jacucci):
angle-resolved reflectance.
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membranes α is smaller than two. More specifically, α = 1.35 ± 0.10 and A = 0.14 ± 0.01
for the semi-transparent membrane, and α = 1.34 ± 0.15 and A = 0.65 ± 0.10 for the white
one. Details of the values found are presented in Table 8.1 and Table 8.2. The fit is based
on a non-linear least-squares fit where each data point is weighted by its standard deviation
in x and y (Python open source code: curve_fit from scipy.optimize library). The curves are
forced to pass through (0,1). That is, the transmittance for a slab of zero thickness is unity.
Table 8.1 Parameters used for the normal diffusion fitting, Equation 2.46
Membrane appearance Parameter A (µm) Standard deviation in A (µm)
Transparent 0.004 0.0005
Semi-transparent 0.050 0.006
White 0.231 0.035
Table 8.2 Parameters used for the Ohm law fitting, Equation 2.45
Membrane appearance
Absorption
length lA
St. dev.
in lA
Extrapolation
length ze
St. dev.
in ze
Transparent 262.6 26.9 214.1 21.9
Semi-transparent 37.2 7.6 30.3 6.2
White 6.7 3.1 5.4 2.5
To further understand the anomalous diffusive behaviour of the samples and the unusual
scaling law, the morphology of the membranes is analysed by SEM (Figure 8.5) and nitrogen
physisorption (Figure 8.3). The typical anisotropy (i.e. the transversely isotropic in-plane
orientation of fibrils) of CNF–based materials is observed for all membranes when comparing
the top-view SEM images and the cross-section exposed by either uniaxial tensile fracture
[262, 265].
The SEM images reported in Figure 8.5A-B show that the transparent membranes are
composed of a homogeneous network of fine fibrils inter-spaced by small air voids. The
pore size distribution clearly peaks around 30 nm (Figure 8.3), whereas the average diameter
of the fibrils is approximately 4 nm (Figure 8.2C). From the morphological analysis and
scattering cross-section calculations (Figure 8.6) it is possible to infer that the scattering in
this case is mainly caused by the presence of the small air pores as the fibril size is too small
to produce significant scattering in this system.
In contrast, in the case of the semi-transparent membranes, the SEM images show a
certain number of significantly larger pores (Figure 8.5C-D). This is confirmed by the broader
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Fig. 8.5 A-C:SEM micrographs of top surfaces of membranes. D-F: their corresponding
cross-sectional fracture surfaces. Transparent (A,B), semi-transparent (C,D), and white
membranes (E,F), respectively. Arguably, the layered structure could be an artefact induced
during the samples’ fracture [260].
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A
B
Fig. 8.6 A: scattering efficiency, Qscattering, as a function of wavelength for cellulose spheres
in air. B: Qscattering for air spheres in a cellulose matrix. As expected from Mie theory,
particles with diameters, d, around 200-500 nm are stronger scatterers. Interestingly, the
scattering strength for the air inclusions is similar to the one of cellulose spheres. Calculations
performed using MiePlot by Philip Lavern.
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distribution of pore sizes, extending up to 100 nm, as observed by nitrogen physisorption
(Figure 8.3).
Similarly, in the SEM images of white membranes (Figure 8.5E-F), several anisotropic
large pores (up to hundreds of nanometres) are recognizable, as confirmed by the porosity
measurements. In this case, the main fraction of the volume is occupied by the network of
fine fibrils inter-spaced by small pores. However, individual thicker fibrils (100-500 nm) are
also sparsely embedded in this matrix in less dense regions.
Therefore one can speculate that the anomalous light transport for the semi-transparent
and white membranes is induced by the combination of the anisotropy of the scatterers (i.e.
in-plane orientation of fibrils and pores), and the rather wide distribution of sizes of both
pores and fibrils, which consequently leads to a sparse spatial distribution of the stronger
scatterers.
To provide even stronger evidence that the observed anomalous diffusion of light is not
merely due to artefacts introduced in the sample preparation (e.g. due to the dependence of
the morphological features on sample thickness), a speckle statistic experiment is performed
[73]. The speckle patterns produced by laser light transmitted through the investigated
samples is imaged and recorded at more than 2000 separate locations. Two polarisers are
mounted in crossed configuration in order to suppress the contribution from the light that
propagates ballistically through the sample (Figure 8.7A).
To better understand the data, the response of white CNF membranes is compared to
standard filter paper (which is known to be a conventional diffuser with α = 2 and scattering
mean free path ≈ 25 µm [14]). When light is transmitted through a standard diffusing
sample, the individual speckles (or grains) vary between different sample locations but on
average the radius and intensity of the whole pattern is roughly constant as the light transport
properties are the same across the specimen. For anomalous sample, instead, the difference
in speckle patterns between different sample locations is greater as the light paths can differ
significantly depending on the local characteristics of the specimen [65]. This behaviour has
also been confirmed by Monte Carlo simulations [65].
As expected for anomalous diffusion, the speckle statistics differ greatly for common
paper as compare to a white membrane (Figure 8.7B,C). The high degree of spatial and
intensity variability between the different disorder realizations further confirms the anomalous
diffusive behaviour of the system. For the standard diffusive samples the radii and intensities
of the speckle patterns are fairly constant at different positions, while for the white CNF
membranes a broad distribution of values is observed.
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Fig. 8.7 A: the samples are illuminated from the front with a collimated laser beam (NKT
SuperK EXTREME tuned to 635 nm via a SuperK VARIA) and the image of the output
speckled pattern is recorded by a CCD (IDS UI-3580LE) after being demagnified by lens L1.
The sample is placed on a motorized stage (Thorlabs Z825B) so that each image is collected
for a different disorder realization. More than 2000 images are acquired for each sample.
The sample is mounted between crossed polarisers P1 and P2 (Thorlabs LPVISE100-A) in
order to extinguish any residual ballistic light. B: distribution of the radii, R, of the speckle
images normalized to their average Raverage. C: distribution of the intensity, calculated as the
ratio between the maximum intensity Imax and the total image intensity Itot . For filter paper
both histograms show a narrow distribution, as expected for a normally diffusive medium. In
contrast, the population is considerably wider for the white CNF membranes, as expected
for anomalous transport [65]. D: study of the correlation between intensity and radius of the
individual patterns. E: the speckle statistics is not affected by the incident polarisation.
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It is also possible to evaluate the correlation between the different speckle patterns. In
Figure 8.7D the coordinates of each data point correspond to the normalised radius and
intensity for a single pattern. For common paper, the data tend to cluster around the point
(1,1) as the pattern dimensions and intensity are very similar. In contrast, for the white
membranes, one can observe that the data is spread in both dimensions as a consequence
of the variability of the speckles. A clear trend emerges in which the brightest patterns are
associated with the smallest radii and vice versa the larger speckle spots are linked to the
less intense images. This is to be expected: as the laser intensity is constant, patterns that are
more spread tend to redistribute the intensity over a larger area so they the maximum intensity
is, on average, lower than that of pattern where the speckles are spatially concentrated.
Therefore, it reasonable to speculate that the observed anomalous diffusion response in
white and semi-transparent CNF samples is due to three main factors:
1. the inhomogeneity in scattering strength due to the polydispersity of the fibrils (assum-
ing that each fibril can be considered a single scattering centre);
2. the inhomogeneity in the spatial distribution of fibrils, which could introduce longer
steps between scattering events;
3. the anisotropy of the system due to in-plane orientation of the fibrils and anisotropic
pores [262, 265], which implies that light propagation and scattering proceed differently
when occurring across the plane or parallel to the plane of the membrane (at this stage,
further structural characterisation, e.g. by TEM tomography, was not possible due to
the high porosity of the material).
It can be excluded that the intrinsic birefringence of cellulose (i.e. refractive index of
1.539-1.596 along the fibre and 1.519-1.538 in the transverse direction [266, 267]) contributes
strongly to this effect, as this would generate only negligible differences in the scattering
cross-section (see the calculations in Figure 8.6 and the measured transmittance of s- and
p-polarized light in Figure 8.7E).
8.4 Conclusion
This chapter reports a white beetle-inspired cellulose-based system in which it is possible
to manipulate light transport by simply tuning the morphology and the distribution of the
CNF fibrils in porous membranes. A transition from standard to anomalous diffusion is
observed in the disordered photonic nanostructures when larger anisotropy in the fibril
distribution is introduced. Even though further optimization by fine-tuning of the porosity
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and of the diameter distribution of the fibrils could lead to even thinner and brighter white
membranes, already extremely high scattering efficiency is obtained in only few microns
thickness [56, 135]. In addition, the membranes are stable over several months of exposure
to air and flexible.
In the future, further investigation of the three-dimensional structure of the cellulose
membranes could be carried out using, for example, cryo-TEM and cryo-SEM in order to
preserve the structure during imaging. Furthermore, a back-scattering cone study of the light
transport could be used to enhance the understanding of the anomalous behaviour of this
material. In fact, as long light paths contribute to the "tails" of the cone and short ones to
the peak, it could be possible to extrapolate information about the light paths population and
how this latter differs in the various membranes.
In conclusion, this work showcases the potential of using CNF and anomalous diffusion
to produce next-generation efficient bright sustainable and biocompatible white materials.
Chapter 9
Conclusions, future directions, and
perspectives
The maturity of field of natural photonics is evident from the increasing number of publica-
tions around this topic: a large number of structurally coloured species have been investigated,
proving insight both into the biological aspects of structural colour and inspiration for new
optical materials. However, these studies have often neglected two aspects of this field.
Firstly, the intrinsic multidisciplinarity of the topic implies that researchers from different
areas need to collaborate to achieve overarching conclusions. In particular, the joint effort of
the biological, chemical, and physical community is required to fully investigate the photonic
structures found in nature and their role. Unfortunately, it is often the case that lack of
expertise in a certain domain results in publications where one aspect of the investigation is
heavily predominant at the expense of the other.
Secondly, the research in the field of photonics has historically concentrated mainly on
periodic structures. This is probably due to past limitations in imaging and computational
techniques in addition to a cultural preference for order as opposed to disorder. However,
nowadays the interest is increasingly shifting to complex media, demonstrating the full
potential of these structures.
This thesis hopes to reconcile both aspects by bringing together physical and biological
considerations without neglecting the role of disorder which, in fact, plays a key role in a few
of the systems explored.
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9.1 Developmental considerations
From a fundamental point of view, it is of interest to understand how structural colours form
during the growth of an organism. The two main hypothesis are that either the structures
self-assemble or that they come together under the push of biologically-driven processes.
The study of the development of the multilayer in the green beetle G. viridula presented in
Chapter 5 leans towards the second hypothesis as no evidence of a self-assembly process
was observed: the layers are deposited in a stratified fashion and only later the hardening of
the cuticle and the polymerisation of the pigments lead to the full optical response. This, of
course, does not exclude that other types of photonic structures might form by self-assembly.
For example, chiral reflectors are known in a number of beetle species: these systems do not
rely on the presence of pigments to produce colour, suggesting that a different mechanism
might be involved. Hence, further studies are needed to explore a larger number of organisms
and architectures to gain a global understanding of the developmental processes involved and
potentially offer inspiration for improving the production methods of artificial nanomaterials.
9.2 Evolutionary races
Biological populations are under the constant pressure of evolutionary needs. In the case of
the green beetle G. viridula, the development of the multilayer involves only a few, relatively
simple, steps. This leads to the idea that the organism could easily adapt, for example to
a different environment, by varying the thickness of the layers or the proportion of their
chemical contents. It can be speculated that this would be more easily achieved than changing
the chemical pathways and the pigments produced.
However, the case of the parasitic bird P. regulus described in Chapter 6 seems to suggest
the opposite: this bird is under a strong evolutionary pressure to produce blue-coloured eggs
to match his hosts’. Given that this could be equally achieved either by structural colouration
or by pigmentation, it is interesting to see how the second has prevailed.
Finally, the white beetle Cyphochilus is an example of an organism where structural
colouration is not only present but also fully optimised and perfected, as demonstrated
in Chapter 7. Achieving such strong scattering using a low refractive index medium is a
remarkable achievement, outpacing all human-made materials.
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9.3 Bio-inspiration
Nature can be a great source of inspiration for artificial photonics, not only in their shapes
and architectures but also in the choice of biocompatible materials.
Using bio-photonics structures as a template can used to demonstrate concepts, such as
Anderson localisation, which have eluded the scientific community for decades (see Chapter
7). Even though the process is delicate and requires further optimisation, the experiment
shows the potential of this approach.
At the same time, learning from nature’s designs and fabrication routes, one can produce
biocompatible materials in a scalable and reliable way. Chapter 8 shows an example of this
methodology: a random network of cellulose fibres is produced via a fractionation process,
yielding strongly white membranes that can be used for a variety of applications (from
paints to consumer goods), showing how by understanding and optimising light transport
in complex materials one can achieve better performances. In fact, the system presented
could be further improved by refining the fibres diameters and filling fraction based on
computational simulations.
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Appendix A
Beetle (Coleoptera) anatomy
Antennae
Mouthparts
Elytra
Unfolded wings
Suture
Scutellum
Femur
Tibia
Tarsus
Claws
Head
Thorax
Abdomen
Fig. A.1 The parts that compose a beetle. Like the others insects, beetles show a three-part
body formed by a head, a thorax, and an abdomen. The whole body is supported and protected
by an external skeleton known as exoskeleton. Image by Nicholas Caffarilla, licensed under
CC BY-SA 3.0.

Appendix B
Preparation of biological samples for
microscopy
Transmission electron microscopy (TEM)
TEM sections of beetle elytra (see Appendix A) are prepared by Dr Jeremy Skepper and
Janet Powell at the Cambridge Advanced Imaging Centre (CAIC) according to the following
procedure: fixation is initiated by immersing the sample in a buffer containing glutaraldehyde
(2 wt%), formaldehyde (2 wt%) and sodium cacodylate (0.05 M) at pH 7.4 for 18 hours
at 4◦C. Then the samples are rinsed five times with deionized water (DIW) and fixed for
48 hours at 4◦C in a second buffer containing osmium ferricyanide (1 wt%) and sodium
cacodylate (0.05 M) at pH 7.4. They are rinsed again in DIW and dehydrated in an ascending
series of ethanol solutions from 50 wt% to 100 wt% dry ethanol. The next step is to bulk stain
them with magnesium uranyl acetate (3 wt%) in pure dry ethanol for 48 hours at 4◦C in the
dark. Afterwards, the samples are rinsed 5 times in pure dry ethanol and repeatedly frozen
and thawed in liquid nitrogen. This rinsing procedure is repeated 10 times in order to facilitate
the subsequent infiltration with epoxy resin. The elytra are rinsed 5 times in dry ethanol (100
wt%), twice in dry acetone and 3 times in dry acetonitrile. They are incubated overnight in
a 50/50 mixture of acetonitrile and Quetol 651 epoxy resin (without the catalyst BDMA)
in uncapped tubes to allow the acetonitrile to gradually evaporate. They are subsequently
placed in fresh Quetol (without BDMA) for 2 weeks and subsequently in Quetol 651 (with
BDMA) for a further 2 weeks.
In order to perform vertical sectioning, the samples are oriented in a coffin mould and the
resin is left to cure for a minimum of 48 hours at 65◦ C. Finally, the samples are sectioned
at a thickness of 50–60 nm with a Leica UCT ultramicrotome using a 35◦ wedge angle
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diamond knife (Diatome Ltd) and mounted on 300 mesh copper grids with a carbon film
(EM Resolutions Ltd) for imaging.
A FEI Tecnai G2 operated at 200 kV (camera: AMT XR60B; software: Deben) is used
to view the samples discussed in this thesis.
Scanning electron microscopy (SEM)
Samples are sectioned using a sharp scalpel and mounted on SEM stubs (Agar Scientific).
Carbon tape (Elektron Technology) is used to attach the sections onto the stubs at the desired
angle. For samples mounted on glass slides, conductive silver paste (Sigma-Aldrich) is used
to bridge the slides and the stubs.
Non-conductive samples are sputter coated (Emitech) with Au/Pd for 7 s at 55 mA,
resulting in a homogeneous coating about 2 nm thick.
Samples are imaged using a Leo Variable pressure SEM (Zeiss). The typical operating
voltage was 1.3-3.0 kV with a working distance between 2 and 3 mm. Unless otherwise
stated, an in-lens detector is used.
Focussed ion beam milling
Due to the higher voltages and the long exposure time involved in ion beam milling, the
samples are prepared analogously to the one for SEM imaging but they are coated with a
thicker conductive layer (Au for 3 minutes at 20 mA – the slow coating rate minimise the
risk of cracks in the coating), typically 150 nm.
Table B.1 Parameters used for milling of eggshells and beetles cuticles. The current is the
electric flow delivered by the ion beam, whilst the depth is the extent of the cut in the direction
orthogonal to the sample plane.
Cut type
Avian eggshell Beetle cuticle
Current (/nA) Depth (/µm) Current (/nA) Depth (/µm)
Rough first cut 47.0 4 6.50 6
Normal cut 20.0 50 0.92 2
Fine cut for imaging 2.5 50 0.46 2
Synchrotron microtomography
Dead beetles at different life stages are immersed in an EtOH 70 % aqueous solution and
scanned at the TOPO-TOMO beamline [268] of the ANKA Synchrotron Radiation Facility
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at KIT (Germany) by Dr. Thomas van de Kamp and collaborators. 3,000 radiographic
projections covering an angular range of 180◦ are acquired using a filtered polychromatic
beam with the spectral peak at about 15 keV. An indirect detector system composed of a 12
µm LSO:Tb scintillator [269], diffraction limited optical microscope (Optique Peter) and 12
bit pco.dimax high speed camera with 2016 x 2016 pixels resolution [270] is employed to
capture the frames with an exposure time of 16.6 ms each, resulting in an overall scan duration
of 49.8 s. A 5x optical magnification leads to an effective pixel size of 2.44 µm. Tomographic
reconstruction is performed with the GPU-accelerated filtered back projection algorithm
implemented in the software framework UFO [271]. Volume renderings of tomographic data
are performed with Drishti 2.5.

Appendix C
Fabrication methods
Plasma etcher
A PlasmaEtch Model RIE200 system is used to remove the upper layer of the samples when
necessary. For decapping Cyphochilus scales (Figure C.1) a low pressure environment is
used with a 20-80% Oxygen-Argon mixture. The optimal etching time for this application is
9-10 minutes.
Atomic Layer Deposition (ALD)
The ALD system used to deposit thin dieletric layers is a Savannah model by Cambridge
Nanotech.
For the deposition of titania (TiO2) the temperature of the deposition chamber is set to
110◦C and the rate of coating is about 100 nm/24 hours. Titanium isopropoxide (Sigma-
Aldrich, 97% purity) and deionised water are used as the metal and oxygen source, respec-
tively.
Zinc oxide is deposited in an analogous manner (rate: 80nm/hour) starting from zinc
(Sigma-Alrich, 98% purity) and deionised water.
Chemical Vapour Deposition (CVD)
The set up for CVD of amorphous silicon is designed and built by Dr. N. Muller under the
supervision of Prof. F. Scheffold at the University of Fribourg (Switzerland).
The precursor used is disilane (Si2H6, Linde disilane 4.8) which deposits amorphous
silicon (a-Si:H) at a rate of about 15nm/minute. The reaction is preferably conducted at
650◦C in a low pressure environment.
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Fig. C.1 SEM images. On the left: a Cyphochilus scale before plasma etching. On the right:
after plasma etching for 10 minutes the scales reveal their inner structure.
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